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Abstract

The work presented in this dissertation is the result of the theoretical and
experimental research conducted in the field of nanomedicine and personalized
health care for the jointed academic program between the Politecnico di Torino,
Turin, Italy, and the Methodist Hospital Research Institute (HMRI), Houston,
Texas.

The dissertation is focused on the design and development of a silicon
nanofluidic membrane for ultra-low power electrostatic control of drugs and analyte
elution remotely controllable by wireless communication in the field of the
Nanomedicine and Personalized Health-Care. More specifically, the study is
focused on tightly controlling the diffusion regimes of charged molecules through
nanochannels at the nanoscale by using an electrostatic electric field. Taking
advantages from their nanometric dimension, therapeutics flowing through
nanochannels can be manipulated by acting on some aspects of the drug delivery
system, such as dimensions and polarity of the nanochannels, and the ionic strength
of the solution, among others. The significant nanotechnological advantage of the
fluidic membrane resides in the independent linear flow of the drug from the
concentration gradient originated between the reservoir hosting the molecules and
the external regions. In this work, the development of the amorphous silicon carbide
(a-SiC) coated solid-state nanofluidic membrane that achieved reproducible and
tunable control of the drug release via electrostatic gating was discussed. Firstly,
the nanofluidic design and fabrication were illustrated and investigated utilizing
visual examination, such as Focus Ion Beam Microscopy, and Scanning Electron
Microscopy Investigation, and mechanical investigation, such as nitrogen gas test
measurements. Then, a study for the evaluation of the corrosion rate of the a-SiC

membrane in the simulated implantation condition to simulate body-fluid




Abstract

interaction was discussed. Electrical performances were investigated with an
electrochemical analysis using two different electrolyte solutions in various
concentrations, i.e., potassium chloride (KCI) and phosphate buffer saline (PBS).
Then, the modulation of the release rate of five medical relevant molecules are
presented is reported. The results demonstrated that it is possible to effectively
control the rate of the molecules release by the application of an electric field. Those
results lead to the design of an electronic board that can remotely control the
charged therapeutics via Bluetooth Low Energy. This new platform will enable the
real-time remote control over released dosage of the therapeutics, leading to a new

platform for personalized medicine.
Keywords: Drug Delivery Nanofluidic Membrane, Nano-Electrofluidics,

Silicon Nanochannel Membrane, Remote Control for Personalized Medicine,

Chronotherapy.
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Chapter 1

Introduction

The objective of the thesis was to develop and assess a silicon nanofluidic
implantable nanofluidic device and electronic control for tunable drug delivery.

This thesis is organized into five main chapters. Chapter 2 presents an overview
on the nanofluidic membrane for nanomedicine and personalized medicine for
chronic diseases is presented. Chapter 3 describes the fabrication methods using the
photolithographic process. In Chapter 4 the degradation of the nanofluidic
membrane is described. In Chapter 5 the electrochemical characterization of the
nanofluidic membrane is presented. In chapter 6, the release of charged molecules
as proof of concept is illustrated. In Chapter 7 the electronic board control for
remote Bluetooth communication is presented. A more detailed outline of each

chapter is presented here below.

In Chapter 2, a general background of the nanofluidic implantable devices is
provided. Explanation of the electrical double layer is reported. The general
mechanism of transport phenomena in the nanochannels such as electrophoresis,
electroosmosis, streaming potentials, and concentration polarization are introduced
to explain the electrokinetics of the electrostatic gated silicon nanofluidic

membrane.

A detailed description of the lithographic fabrication process is provided in Chapter
3. The solid-state nanofluidic membrane is obtained by performing

photolithographic processes used in standard microelectronics to fabricate Micro-
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and Nano-ElectroMechanical Systems (MEMS and NEMS). The SOI wafer used
to obtain the two layers of the nanofluidic membrane underwent processes such as
etching, oxidation, low-pressure chemical vapor deposition, and plasma-enhanced
chemical vapor deposition. The final obtained membranes provided with a buried

electrode featured 278600 nanochannels.

In Chapter 4, the inertness of the nanofluidic membrane was tested in vitro by
performing a study in simulated physiological conditions, in three different
scenarios: 1) using phosphate buffer saline added with sodium fluoride at 37 °C and
2) in accelerated conditions at 77 °C, and 3) using phosphate buffer saline added
with sodium fluoride and bovine serum albumin. Final results showed no evidence

of degradation across all tested conditions.

In Chapter 5, nanofluidic properties about ionic transport in the nanochannels,
leakage currents and power consumption of the membrane, and physical properties
of the buried polysilicon electrode are illustrated. The investigation was conducted
in different concentrations of potassium chloride solution and phosphate buffer
saline. Results showed that the nanofluidic membrane could act as an ionic field-
effect transistor IFET. By manipulating the electrical double layer of the
nanofluidic channels, the ionic conductance was modified accordingly to the
polarity of the applied potentials, leading to a reduction in an enhancement of the

transport of charged species in the channels.

Chapter 6 provide a proof of concept of the in-vitro control release rate of five
medical relevant charged molecules: a small fluorophore (Alexa Fluor 647), a large
polymer poly(sodium 4-styrenesulfonate), a medically relevant agent (DNA),
multi-functional nanoparticles with applicability from bio-labeling to targeted drug
delivery (quantum dots), and a first-line therapeutic approach for rheumatoid
arthritis (methotrexate). Results showed that the transport modulation via
electrostatic gating achieved efficient and reliable effects. Depending on the weight
of the charged molecules, the aqueous solution used for the experiment, and the

dimensions of the nanochannels, the release rate showed significant reduction.
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In Chapter 7, the design of an electronic board for remote control for Bluetooth
communication is presented with the final implantable drug delivery platform. The
printed circuit board designed exhibits a final dimension of 20 mm x 12 mm x 0.425
mm. Further, future works for possible improvements to provide a closed-loop drug

delivery system are illustrated.

I confirm that the work submitted is my own, except where work which has formed
part of jointly-authored publications has been included. My contribution and those
of the other authors to this work have been explicitly indicated below. I confirm
that appropriate credit has been given within this thesis where reference has been

made to the work of others.

The work presented in this dissertation is based on the patent “Gated Nanofluidic
Valve for Active and Passive Electrosteric Control of Molecular Transport and
Methods of Fabrication,” U.S. Provisional Pat. Ser. No. 62/961,437, filled by Dr.
Alessandro Grattoni in Jan. 15 (2020).

Chapters 2, 3, 4, 5 and 6 contain parts of the results that have been published in the
manuscripts titled “Electrostatically gated nanofluidic membrane for ultra-low
power controlled drug delivery”, authored by Nicola Di Trani*, Antonia Silvestri*
(Ph.D. candidate), Antons Sivoz, Yu Wang, Donald R. Erm, Danilo Demarchi
(supervisor), Xuewu Liu and Alessandro Grattoni (co-supervisor), (*equal
contribution, co-first authorship), Lab Chip 2020, 20, 1562-1576,
doi:10.1039/DOLCO00121J, and “Silicon Nanofluidic membrane for Electrostatic
Control of Drugs and Analytes Elution”, authored by Nicola Di Trani, Antonia
Silvestri, Yu Wang, Danilo Demarchi, Xuewu Liu and Alessandro Grattoni,

Pharmaceutics 2020, 12, 679, doi:10.3390/pharmaceutics12070679.

As co-first author in the Lab on a Chip publication, I carried out: conceptualization,
data curation, methodology, formal analysis, investigation and visualization.

Other authors have contributed as detailed: Nicola Di Trani: conceptualization, data
curation, formal analysis, investigation, software, visualization, and writing
original draft. Antons Sizovs: conceptualization, supervision and validation. Yu

Wang: methodology and investigation. Donald R. Erm: methodology and

3
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investigation. Danilo Demarchi: validation. Xuewu Liu: conceptualization,
methodology, investigation. Alessandro Grattoni: conceptualization, funding
acquisition, project administration, writing original draft and validation.

As co-author in the Pharmaceutics publications, I carried out: conceptualization,
formal analysis, investigation, methodology.

Other authors have contributed as detailed: Nicola Di Trani: conceptualization, data
curation, formal analysis, investigation, methodology, software, visualization,
writing original draft; Xuewu Liu: conceptualization, funding acquisition,
methodology, resources, validation, Alessandro Grattoni: conceptualization,
funding acquisition, project administration, resources, supervision, validation,
writing — review and editing. Yu Wang: investigation, methodology, Danilo

Demarchi: supervision, validation

The work described in this Chapter 5 is reedited parts of the manuscript submitted
for consideration for publication in Membranes titles “Silicon carbide gated
nanofluidic membrane for active control of electrokinetic ionic transport”, and
authored by Antonia Silvestri, Nicola Di Trani, Giancarlo Canavese, Paolo Motto
Ros, Leonardo lannucci, Sabrina Grassini, Yu Wang, Xuewu Liu, Yu Wang, Danilo
Demarchi and Alessandro Grattoni. This manuscript has been submitted to

Membranes.

As first author in the Membranes publication, I carried out: Conceptualization,
Methodology, Software, Formal Analysis, Investigation, Data Curation, Writing
Original Draft, Writing Review and Editing; Visualization.

Other authors have contributed as detailed: Nicola Di Trani: Conceptualization,
Data Curation, Visualization; Giancarlo Canavese: Conceptualization, Validation,
Supervision; Paolo Motto Ros: Validation; Leonardo Iannucci: Methodology,
Software; Sabrina Grassini: Resources; Yu Wang: Investigation; Xuewu Liu:
Experimental Design, Funding Acquisition; Danilo Demarchi: Conceptualization,
Validation, Resources, Supervision; Alessandro Grattoni: Conceptualization,
Validation, Resources, Supervision, Project Administration, Experimental Design,

Funding Acquisition.
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Chapters 7 contain parts of the results that have been published in the manuscripts
titled “Remotely controlled nanofluidic implantable platform for tunable drug
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Chapter 2

Nanotechnology, nanomedicine,
personalized medicine, and
controlled drug delivery system

Abstract

Nanomedicine and nano delivery systems represent a new evolving science that
takes advantage of nanotechnology. The nanometric scale is used as a tool to
diagnose and deliver drugs and therapeutics to specifically targeted sites in a fine
controlled fashion. The recent advancements in nanotechnology in nanomedicine
lead to several critical applications for numerous diseases such as chemotherapy,
immunotherapy, and biological detections. In this chapter, the application of
nanotechnology to nanomedicine with a focus on nanofluidics is presented to
provide the fundamental working principles of nanofluidic membranes for drug
delivery.
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2.1 Introduction

With the advent of increasingly advanced technological processes, new and
unique materials, and improvement in manufacturing processes, nanotechnology is
drawing ever greater attention to itself, spreading in many different fields, such as
solid-electronics with high precision nano quantum computers, as well as medicine
with personalized health care[1,2].

To be classified as nanotechnology, a device needs to feature at least one
dimension as nanometric and consequently smaller than a few hundred
nanometers[3]. Thus, the properties arising at the nanoscale are very different from
those observables at the macroscale, generating the unique properties[4] governing
the nanometric nature[5]. In fact, at nanoscale regime, conventional equations and
rules are dramatically different. In fact, at this nanoscale, close forces interaction,
such as Wan der Walls forces, are hundreds of times more relevant than the
macroscopic forces such as gravity or pressure. Consequently, the interaction
between forces requires quantum mechanics to be explained and fully
characterized. Interaction between molecules, however, has been investigated as a
unique and novel phenomenon, with properties and rules that enable
nanotechnology, especially when nanomedicine is considered, to be a powerful,

alternative, and new approach to solve problems actually still unsolved.

The first approach to control and manipulation of single atoms was performed
forty years ago by the arrival of the scanning tunneling microscope (STM) [6]. With
this new instrument, the movement of molecules that formed ultra-precise patterns
in a single atom thick substrate was possible. Thanks to this, the discovery and the
further development of many molecules, such as quantum dots, among many others,
were possible. The introduction to the imaging and analysis of the nanometric scale

allowed nanotechnology to be introduced more and more in everyday life.

Materials can influence the nanoscale rules in several fields. Examples are the
industry of semiconductors and optoelectronics. In fact, after 1980 and the burst of

nanotechnology, many areas such as aerospace, chemical industry, energy sectors,
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and many others start to invest in research to investigate and fully characterize the

unique properties of the nanoscale world significantly.

The breakthrough of nanotechnology profoundly changed medicine and gave
birth to an entirely novel field called nanomedicine. In fact, the numerous properties
of the nanoscale can draw a completely new approach in therapeutics

administration, especially in chronic diseases and oncology therapies[7,8].

In nanomedicine, the target drug delivery represents a crucial aspect. Nowadays,
medical institutions like the National Institute of Health (NIH) widely support
research and discovery in this field. In fact, nanotechnology represents one of the
critical academic research that is gradually moving to translational clinical studies

and commercial proceeds.

2.2 Implantable Drug Delivery Systems

The implantable drug delivery systems have recently gained considerable
attention due to their potential role as substitutive of a non-adherence regime from
the patients[9]. They are primarily based on microdevices and nanodevices, usually
micro- and nano-electromechanical system technologies employed in the biological
field, such as BlioMEMS and BioNEMS. Those systems allow the development of
micro- and nano-devices dedicated to diagnosing, monitoring, and treating a wide
range of acute and chronic diseases[10,11].

The manufacturing fabrication technique used for the BioMEMS and the
BioNEMS is derived from the solid-state microelectronics techniques. The specific
application of implantable devices required the BioMEMS and BioNEMS to be
fabricated with biocompatible materials that generate a low inflammatory response
from the immune system of the patient[12]. Luckily, many materials that are used
in the microelectronics industry are biocompatible. In fact, materials like silicon
nitride, silicon dioxide, and silicon carbide are widely used to fabricate integrated

circuits at the microscale[13].
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The most used material in solid-state microelectronics is silicon. Its properties such
as mechanical robustness, easily chemical versatility and biocompatibility[14—17]
candidates the silicon among the ideal material for biomedical applications[1]. In
fact, many devices for implantable delivery of drugs are realized by taking
advantage of the numerous silicon properties. Examples of MEMS devices range
from sensory application [18], to nanofluidic membranes [19], from infusion
micropumps, micromixers and valves[20] to microneedles[21]. The
photolithographic process required to realize those types of devices assures the

reproducibility of the devices, as well as a noticeable uniformity[22].

In the last decade, implantable delivery systems for drug administration at a
desired time and dose or rate by using nanopores, nanoslots, and nanochannels
structures have become more and more common. The possibility of fabricating
nanostructure with silicon usage allows the realization of a very precise,
reproducible, scalable, and accurate nanodevice[23,24]. Generally, nanopores and
nanochannels structures in drug delivery permit the administration of therapeutics
based on the needs of the patient at a constant release rate, avoiding burst
administration and reducing the adverse effects[25,26]. As notable examples,
nanofluidics devices have been developed for the prevention and treatment of
diseases such as HIV[27,28], cardiovascular diseases[29], muscle wasting[30],
hormone deficiencies[31,32], obesity and metabolic syndrome[33,34], and

cancer[35,36] among others.

2.3 Constant release and controlled release implantable

devices

The current administration of therapeutics is based on the widely used approach
“one-size-fits-all” paradigm where treatment and prevention are designed around
conventional disease archetypes. Those are represented by systemic administration
of oral, local, and intravenous therapeutics. The general and common
disadvantageous aspect of those treatment regimens is the high initial dosage

provided right after the administration of the therapeutics, which is associate with
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a rapid increase of the drugs in the bloodstream that can cause a toxic reaction and
multiple side effects. After the initial burst, the presence of the administrated drug
in the blood plasma exponentially decays (Figure 2.1A) as the effect of the
clearance is implemented by internal organs such as the liver and kidney. The
therapeutic windows where the drug administration is effective and not toxic results
to be inadequate. The consequence of this phenomenon can lead to the inefficacy
and ineffectiveness of the administrated treatment[32]. Additionally, these drug
administration modalities suffer from poor patient adherence to treatment[37,38] ,

which limit the efficacy of the medication.

To overcome these fluctuations, it is possible to use technologies to provide a
long-term sustained zero-order release of therapeutics. In fact, in this case, the
fluctuation of the administrated therapeutics in the bloodstream is reduced, keeping

the therapeutic window in the optimal range (Figure 2.1B).

Many devices based on nanofluidic technologies were developed in the last
decades to be employed as drug delivery systems[19,39]. Among them, nanofluidic
membranes were firstly used in the release of interferon-alpha[40]. Other uses as
drug delivery contemplate the release of glucose and immune isolation of pancreatic
islets of Langerhans in biocompatible capsule[17,41,42]. Another example of
nanofluidics membranes commercially available for personalized medicine is based
on micro-drug reservoirs, each one sealed with a gold lamina already implanted in
humans[43], or micro implants for ophthalmology applications[44].

An essential aspect to be considered is the need to control the administrated drug
by dosage and time[45,46]. In fact, some diseases require an administration of
therapeutics based on the circadian cycle, such as hypertension and rheumatoid
arthritis[47]. The need to develop such personalized care and precision medicine
required control over the release of therapeutics to allow the stoppage to adhere to
the needed chronotherapeutic regime[48]. To release of drugs in chronotherapy is
illustrated in Figure 2.1C. The control over the release rate can be achieved in
different manners, and among many, the remote control can offer a comprehensive
advantage in terms of telemedicine[49,50]. In fact, this can avoid the need for the

patient to undergo hospital visits. A recent approach is represented by the

10
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radiofrequency and the Bluetooth Low Energy system due to its simple
implementation and security features of the system. Additionally, it is possible to
build a network of sensors (implanted or worn) that can provide feedback to

personalize tailoring of the dosage of the drug to be released[51-53].
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Figure 2. 1: Release profile concentration in plasma. Administration in case of A)
conventional drug delivery, B) zero-order sustained drug release, and C) controlled drug
delivery administration.

2.4 Silicon Gated Nanochannel Membrane for Drug

Delivery System

Silicon nanofluidic membranes are nanofluidic devices based on nanochannels
technology. The nanochannels offer unique nanometric properties to interact with
charged species and molecules thanks to their dimensions[54—56]. When in contact
with aqueous media, solid surfaces express electric charge due to the ionized
surface group or the adsorbed ions. The charged surface actively interacts with ions
and charged particles in the solutions by influencing their distributions in the
solution[57]. In particular, the ions exhibiting opposite charge to that expressed by
the surface, also named counter-ions, are electrostatically attracted to the surface.
In contrast, the ones expressing a similar charge to that of the surface, also called
co-ions, are repelled. The combination of the electrostatic attraction and the thermal
movement of the ions lead to the formation of a thin layer on the charged surface

called the electrical double layer (EDL)[58,59].
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This thin layer consists of immobile layer formed by counter-ions that neutralize
the expressed surface charge, and a mobile layer formed by counter-ions and co-

ions are free to diffuse near solid-liquid interface.

To describe the EDL, numerous models were proposed. The Helmholtz model
describe the EDL as an overlap of two charged layers located at a fixed distance.
Another model developed by Gouy-Chapman describe the EDL as a shield
composed by diffused ions which the most external ones are free to move in the
solution. Afterwards, a combination of those two models was proposed in the Gouy-
Chapman-Stern model. In this case, the EDL present an overlap on two layers,
called compact layer and diffuse layer. The compact layer is constituted of solvent
molecules and ions immobile and adsorbed to the surface material/solution
interface, while the diffuse layer is composed by mobile molecules and ions

carrying net charge in the solution. The GCS-EDL model is reported in Figure 2.2.

The shielding ions in the fluid generated an inner layer called Stern layer, further
divided in the inner Helmholtz layer and the outer Helmholtz layer, and overlap to
it there is the diffuse layer composed by solvated ions. The thickness of the inner
Helmholtz layer is strictly dependent on the finite size of the ions, since the center
of ions can only attract on the surface by their hydrated radius. The potential
expressed by the charged surface, reported in Figure 2.2 as red line, represent the
electrokinetic potential, also known as Zeta potential, at solid-liquid interface. It
establishes the number of counter-ions involved in the formation of the EDL
following the principle of the electroneutrality to balance the charge on the solid
surface. It has to be considered that some counter-ions could be thermally energized
by random thermal motion of ions present in the solution and they could achieve

enough kinetic energy to escape from the EDL.

12
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Figure 2. 2: Schematic of the electric double layer and relative model. (1) Inner Helmholtz
plane; (2) Outer Helmholtz plane; (3) Diffuse layer; (4) Solvated ion; (5) Specifically

adsorbed ion; (6) Molecules of the electrolyte solvent.

The parameter governing the distribution of the charges in the diffuse layer is
the Debye length. In fact, the Debye length is responsible for screening the surface
potential, or equivalently, the surface charge of the material. Mathematically, the

Debye length for a 1:1 electrolyte can be expressed as

2.1)

where Cy represents the bulk concentration, ¢ is the dielectric constant (& = ¢y¢,
where &, is the permittivity of vacuum and &, is the relative dielectric constant of
the medium), kp is the Boltzmann constant, T is the temperature, e is the electron
charge and N, is the Avogadro’s number. In particular, for a symmetric electrolyte
aqueous solution where the concentration of positive and negative electrolyte is

equal, at T =300 K the Debye length can be simplified as

961

An =
. (2.2)
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with Ap expressed in nm, and the bulk concentration C, is expressed in mM. The
equation highlights that A, is only dependent on the properties of the aqueous
solutions and not on any other characteristics such as surface charge or surface

potential.

In a nanochannel device, the diffuse layer does not decay to electroneutrality as
it would happen in an unconstrained volume, and by manipulating the surface
charge of the surface, it is possible to extend the thickness of the EDL, leading in
the overlapping of the diffuse layer.

Typical values of Ap in aqueous solution are comprised between 1 nm and 100
nm and they are defined by the concentration of the ionic solution. Based on the
smallest dimension of the nanochannel, that typically is indicated with height (h),
it is possible to encounter two scenarios: a high ionic concentration exhibiting a
Debye length smaller than the height of the nanochannels, Ap < h, or a low ionic
concentration exhibiting a Debye length bigger than the height of the nanochannel
Ap > h. In the first case, the bulk solution in the channel is the same of the solution
outside of the nanochannels, typically in a reservoir. This is due to the fact that the
potential decay to zero very rapidly and its value is kept zero in the majority of the
bulk solution. In the second case, the potential distribution in the nanochannels is
altered by the counter ions that accumulated on the charged surface. Figure 2.3
reports the two described cases. When the nanochannel exhibits a surfaces charge
os for all his confinement sides, it is possible to state that the average ion
concentration n.y, inside the nanochannels is given by n., = 2|ogs|(qh), where q
represents the electronic charge and h represent the nanochannel height. As
consequence, the surface charge influences the conductance in the nanochannels,
since a positive s enhances the present of anions, while a negative gg recalls
cations in the nanochannels. This is at the basis of the exclusion-enrichment
phenomenon[60] that can be observed only in nanochannels due to their capability

to interact with particles featuring nanometric size.
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Figure 2. 3: Effect of the distribution of surface potential on the ionic charge distribution
in channels exhibiting different dimension. A) in case of microchannel or in
presence of ionic concentration exhibiting A, < h, the distribution of charges in
the channel is not influenced by the surface potential. B) in case of ionic
concentration exhibiting A, > h, the surface potential is raised in the bulk of the

channel. Consequently, the effect of enrichment-exclusion can be observed.

2.5 Transport Phenomena in Nanochannels

Transport phenomena in nanochannels can be ascribed to four main categories
[61,62]:

- Electrophoresis

- Electroosmosis

- Streaming potential, and

- Sedimentation potential.
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Figure 2. 4: Schematic of a cross-section of a silica nanochannel in a solution. A)
lustration of the EDL and the electroosmotic transport. B) Potential profiles associated
with the different layers of the EDL. C) Velocity profiles of the laminar flow and the
electroosmotic flow in the presence of an EDL overlapping. i.e., the height of nanochannels

is smaller than the EDL.

Electrophoresis. Electrophoresis is the phenomenon that generates a movement
through a channel of charged species and molecules by the application of an electric

field. The electric field imposes to the particle to move under the effect of the

velocity

Eoér
Vgp = — (T) CspecieE (2.3)

where g, represents the vacuum permittivity, &, represents the relative permittivity
of the solution, {g,..e represents the zeta potential of the considered particles, n

represents the viscosity of the solution, and E denotes the applied electric field.
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Electroosmosis. Electroosmosis is the phenomenon that governs the movement of
charged species and molecules in the nanochannels by the application of an electric
field. In this case, the transport mechanism is driven by the Coulomb forces of the
electric field. Similarly to the previously described case, the velocity generated can

be calculated as a drift velocity
E0Er
Vg = — (T) (surfaceE (2.4)

where g, represents the vacuum permittivity, &, represents the relative permittivity
of the solution, {s,rrace Tepresents the zeta potential of the considered particles,
represents the viscosity of the solution, and E denotes the applied electric field.
Velocity profiles characterizing the electroosmosis and the electrophoresis are
different. In the case of the electrophoretic flow, the velocity profile is
approximately constant from one wall to the other wall, comprising the
nanochannel bulk, as shown in Figure 2.4C. Instead, the velocity profile describing
the electrophoretic flow is non-linear, and it exhibits the maximum velocity at the
center of the nanochannel. Additionally, in the case of electroosmotic flow, the
velocity is considered to differ from zero at the nanochannel wall. This phenomenon
is associated with the fluidic molecular transport in the bulk of the nanochannel that
generated a movement of the charged particles forming the EDL. Figure 2.5

illustrates the velocity profile of the electrophoretic flow is reported.
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Figure 2. 5: Velocity profile associated with the electrophoretic transport.
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Streaming potential. The streaming potential and the sedimentation potential are
two techniques that rely on pressure-driven transport. In fact, they require the
application of pressure through micromechanical systems such as pumps or valves.
The methods needed to generate those movements are not very practical compared
to using a couple of electrodes to generate an electric field and, consequently,

electroosmotic and electrophoretic transport.

Electroosmosis and electrophoresis phenomena mainly depend on two
parameters: the ionic concentration of the solution and the electric field applied
between two electrodes at the inlet and the outlet of the nanochannel. By adjusting
those two parameters, it is possible to generate one type of molecular transport or
the other. In particular, the electroosmotic flux can be produced applying an electric
field (higher than 200 V/cm), while to generate the electrophoresis, a lower electric
field is required (usually greater than 3 V/cm). Further, the electroosmosis can be
observed for low ionic concentrations, which exhibit molarity comprised in the
range of nM — mM. At the same time, electrophoresis requires a higher ionic
concentration in the order of M[63,64].

It is essential to point out that using a high electric field could lead to the
phenomenon of electrolysis at the electrode surface. For this reason, the
electrophoretic flux may represent a more suitable technique to induce molecular
transport. Additionally, the pressure gradients are lower than those generated via
electroosmosis since they are not produced by the fluid movement in the
nanochannel bulk [46,65]. However, the adoption of the type of transport

mechanism depends on the final application of the nanofluidic device.

To describe the electric potential generated by the ionic concentration, the

Poisson equation can be used

€&, V2P = —p (2.5)

where p represents the free charge density in the solution (C/m?). p can be evaluated

using the equation 2.6
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p= Z zine 2.6)

N
=1
where z; represents the valence of the i species, n; the concentration of the i of
the ionic solution, and N the number of the different ionic species. Substituting the

equation 2.6 in equation 2.5, the Poisson potential becomes

N

V2 = —izzinie I @.7)

E&r & E0Er

where o = YN, z;n;e represents the surface charge density on the nanochannel

wall.

The movement of the particles in the fluid inside the nanochannels can be
described by the Navier-Stokes equations for incompressible fluid. Additionally,
the collision of the particles as an effect of the electric field forces can be considered
using the electromechanical-force-density equation, and the combination of those

originate a system accounting for the momentum and continuity equation[66]:

V-i=0 (2.8)

ou 29

&+pfi-VTi=—Vp+uV2ﬁ+f

where f represents the electric force. Considering the significantly small Reynold
number in this case of micro-nanochannels, the viscosity forces are significantly
more prominent than the convective forces, which can be avoided. For this reason,

equation 2.9 can be rewritten as

0 = —Vp + uv2i + f. (2.10)

To represent the electrokinetic flow, the f can be expressed
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f=pE = -3 (zmie)Vy. 2.11)

The Nerst-Planck equation represents a combination of the electrokinetic
phenomena, i.e., diffusion, convection, and electromigration, and the transient
phenomena associated with convection is described with the equation

dc; D;ez;Vy N
a_tlzv.(DiVCi-i_ﬁCi_ i)

(2.12)

where ¢; represent the molar concentration of the i species, D; the coefficient of
the diffusivity, and % the axial velocity. By conveying equation 2.12 with the
Poisson equation, the Plank-Nerst-Poisson equation is obtained. The solution to this
equation cannot be easily identified, also in the case of basic or classical structure
as the cylindrical configuration. In the nanoscale environment, it is possible to
simplify the Poisson-Nerst-Plank equation by discounting the convection

expression. The steady-state Poisson-Nerst Plank equation can be rewritten as

M ) (2.13)

0=V (DiVCi + kBT Ci
Alternative form of the Poisson-Nerst-Plank equation consider the number

concentration n; = Nyc;, where N4 represents the Avogadro’s number.

2.6 Concentration polarization phenomenon

The joint of the nanochannel with the microchannel under an applied electric
field can generate a specific phenomenon known as concentration polarization. The
concentration polarization[67,68] is generated when the ionic solution present in
the nanochannel exhibits an ionic depletion[69,70]. This phenomenon is observable
when the characteristic Debye length Ap of the solution is more significant than half
the nanochannel height[71]. Under this effect, it is possible to observe that the ions
and the counter-ions occupy two different regions of the nanochannels.

The Debye length can be evaluated as

20




Nanotechnology, nanomedicine, personalized medicine,
and controlled drug delivery system

(2.14)

where the C,, represents the ionic concentration in the bulk of the nanochannel.

In Figure 2.6 is reported the concentration polarization phenomenon obtained as

a consequence of the application of the electric field at the anode and cathode

electrodes.
Applied Cugrent, /
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Figure 2. 6: Schematic illustrating the concentration polarization phenomenon.

The overlapping of the EDL causes the access of the counter ions and the
repulsion of the coins in the nanochannels. At the same time, at the anode electrode,
there is a considerable concentration of 1ons at the cathode electrode, while there is
a small number of ions at the anode electrode. As a result, there is a generation of a
concentration gradient in the device that leads to the increased electrokinetic
response, specifically in the depletion region. It exhibits a nonlinear behavior,
definable using second-order phenomena, such as second-order electroosmosis and
microvortices.

The second-order electroosmosis is one kind of electroosmosis at non-
equilibrium, where the velocity of the fluid is « E2, while in equilibrium, the
electroosmosis exhibit a velocity linearly dependent on E, where E represents the
electric field. Additionally, low values of potential applied at the electrodes
generate a linear ohmic dependence of the ionic current in the nanochannel. When

the potential is increased, the higher values of the potential generate a higher ionic
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current leading to a higher concentration of the ion at the anode zone close to the
nanochannel. In contrast, the cathode zone experiences the depletion of ions until
their presence is negligible. At this point, the ionic current tends to a limiting value

that cannot be increased further.
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Chapter 3

Design and mechanical
characterization of the nanofluidic
membrane

Abstract

Silicon solid-state nanofluidic membrane is developed using photolithographic
techniques widely used for VLSI systems and microprocessors, among many
electronic devices. In fact, photolithography resembles a set of tools for the
manufacturing of the nanochannel devices for drug delivery considered the required
precision, accuracy, throughput, and reliability necessary for many clinically
relevant dosing regimens. Additionally to those favorable aspects, many materials
compatible with silicon manufacturing have been demonstrated to be highly
biocompatible. In this chapter, the fabrication processes of the nanofluidic

membrane are illustrated in details.
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3.1 Introduction

Nanofluidic membrane is a nanofluidic device that can be fabricated as a MEMS
by using micromachining process and or photolithographic processes. MEMS
devices features sizes generally comprised between 100 nm and 10 mm, Generally,
they rely on the fabrication techniques widely used for microelectronic. Those are
batch processes that low the fabrications of several device units at the same time
with high reproducibility. Despite those processes are expensive, the batch
production of a large number of devices at the same time permits a low cost per
each device.

Several advantages can be achieved when we microfabrication processes are
applied to the fabrication of MEMS devices, specifically on the electrical properties
of the films and the precise control of the dimension of the final MEMS device. In
fact, precise doping profile in fabrication of to form different junctions for electrical
conduction is achievable with high precision. Moreover, many materials compatible
with silicon manufacturing have been demonstrated to be highly
biocompatible[72,73].

To control the precise dimensions of the device, microelectronics fabrications
techniques can craft a 3-dimensional structure from a 2-dimensional top view of the
device. This approach is called planar processing and it is the most highly
developed in fabrication technologies. It relies on lithographic pattern transfer, and

it is suitable for high-volume, low-cost manufacturing production.

Generally, a microfabrication process flow is organized on 3 main steps: 1)
deposition or growth of a material film characterized with specific mechanical and
electrical properties, ii) a lithographic step to transfer the desired patters to the
underlying substrate or film, and iii) a selective removal of the films through
physical or chemical processes. Additionally, some few other processes can be
considered: iv) a planarization step to level the wafer, flattening the surface by
reducing the roughness and the height differences across the wafer, v) doping step,
used to control and modify the electrical properties and/or film thickness, vi)

bonding step to connect the wafers and substrates to other substrates.

24




Design and mechanical characterization of the nanofluidic membrane

An important aspect in designing the process flow is the materials used in the
fabrications process. Traditionally, silicon and polysilicon are the materials vastly
used in microfabrication processes. Historically, silicon was widely employed due
to its mechanical assets and its excellent electrical properties. However, other
materials discovered over time were use since they offered remarkable advantages
compared to silicon. The Young’s module and the tensile yield strength of the
silicon are comparable to the metals and stainless still. While exhibiting similar
properties to the silicon, the polysilicon possesses a tightly packed grains structure.
This represents a crucial aspect for electrical and mechanical properties of the films,
since the mechanical and thermal stress can generate variations of the material
properties and morphology, causing even failure.

Another material in microfabrication is silicon dioxide, widely used as electrical
insulator or masks in sacrificial processes during device fabrication. In fact, in its
amorphous form, the SiO; is often used to insulate glass substrates in MEMS and
NEMS application. Due to its biocompatible features, it is used in BioMEMS
devices, were insulating devices optically transparent are desired[74,75]. In its
crystalline form generally known as quartz, SiO; exhibits piezoelectric properties
convenient for sensing and actuation applications[76,77]. In fact, due to the low
losses exhibited at high frequencies, crystalline SiO> is used for RF MEMS
applications[78,79].

Additional dielectric silicon based massively used is the Silicon Nitride SizNa,
since its chemical stability makes it a suitable candidate for mask layering during
microfabrication etching process. Contrary to SiO> that can deposited or grown on
silicon substrate, Si3N4 can be deposited at a very slow growth rate. This property
permits to achieve a low internal stress in the grown films that increments the
mechanical stability.

Initially introduced to operate at high temperature, Silicon Carbide (SiC)
represents valid alternative material to previous ones. It exhibits a large Young’s
modulus and chemically inertness, qualities that make it an ideal candidates to
fabricate structural layer for device functioning in harsh[80,81] and/or biological
environments. Specifically, in this last case, SiC was demonstrated to increase
stress resistance of the coated substrate, and to be a valid alternative as sensing

application for biological environments [82—84].
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Other materials presenting piezoelectric properties are lead zirconate titanate
(PZT) employed for actuation and sensing purposes given by its mechanical
deformation obtained as a consequence of an application of the electric field[85—
87]. Other piezoelectric materials are zinc oxide (ZnO) and aluminium nitride
(AIN) [88,89]. Additionally, a wide range of metals are also used in
microfabrication. In fact, aluminium, gold, titanium and nickel have been widely

utilized as structural materials [90,91].

3.1.1 Processes used to fabricate the nanofluidic membrane

Growth and Deposition of Films. In a MEMS device, a key parameter is
represented by thin layers and films. The fabrication of those films, i.e., metal,
dielectric, or semiconductor, can be achieved by growth on a starting substrate
material or by deposition employing specific processes. The method for fabricating
the thin film depends on the application. In fact, several factors related to the
microfabrication processes that strongly influence the properties of the final films.
In fact, mechanical properties (i.e. stress within the grain modulus), electrical
properties (i.e. electrical conductance), thermal properties (i.e. thermal
conductivity), optical properties (i.e. reflectivity), quality (i.e. amount of defects in
the film), thickness uniformity across the wafer, chemical and ferromagnetic

properties, deposition/growth rate and processes costs.

Thermal Oxidation. The thermal oxidation process is employed to grow silicon
dioxide film on silicon or polysilicon substrate. S102 film obtained through the
thermal oxidation demonstrated to be easily controlled in term of thickness and
fabrication. In fact, silicon reacts to oxygen at high temperature with a rate-
controlled oxidation process that occurs in the oxide or at the interface following

this reaction in case of dry oxidation:

Si + 0, > Si0, (3.1)

Instead, in case of wet oxidation, the oxygen element is obtained by vapor

generation, and the reaction can be described as
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Si + 2H,0 - Si0, + 2H,. (3.2)

In fact, this process does not require control of flow transport of reactants.
Additionally, the variations of grown silicon dioxide thickness from the edge to the
center of the wafer are negligible. Quality of oxide can be controlled by supplying
the only two gases needed for the reaction (oxygen and hydrogen) from condensed
liquid tanks to reduce the amount of contaminating impurities.

The thickness of the grown film can be evaluated by considering the kinetics of

the oxidation of silicon described by the Deal-Grove model [92-96]:

2

xox xox
B/AT B (3-3)

where t represents the oxidation time, x,, represents the oxide thickness, and B /A
and B represent linear and parabolic rate constants, respectively. This model states
that reaction rate is initially limited by the availability of reaction sites of the
substrate surface. Due to this requirement, the process slow down as the thickness
of the oxide film increases. The wet oxidation that involves water molecules can
provide a growth rate higher than the dry oxidation since the oxygen molecules
forming the water H>O are smaller than the single element O». For this reason, they
can penetrate and diffuse through the film, reaching silicon reaction sites.

Mathematically, this can be described with linear kinetics

=—t 3.4)

and the thickness of the oxide in a “diffusion-limited” process can be estimated as

Xoy = VBt (3.5)

The dependency of the oxidation reaction upon the temperature requires a

precise control thermal condition of the furnace for the development of the growth
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of the film. The formation of the oxide subsequent to the diffusion of oxygen into
the oxide layer to reach the substrate surface has a remarkable consequence. Since
the reaction sites involved in the process are directly placed into the crystalline
silicon, the oxidation is completely free from impurities that could be present at the

surface.

Photolithography. The photolithography represents one of the most important steps
in microfabrication of solid-state devices. It is appropriate in transferring the

desired pattern onto planar surfaces and substrate.

A

Thin Film ——m
Substrate —»

Light

B AAAAAAAAAAAAARAA

Mask ——»=[__ ]

Photoresist  — K N T T T T RS

Figure 3. 1: General photolithographic process. (A) Planar substrate coated with
photoresist. (B) Photoresist exposed to the light through a mask. (C) Elimination of exposed
area is removed in a developer. (D) Elimination of unwanted area preserving the wanted

area protected by the photoresist using an etching process.

It is composed by few repeated steps used to fabricate both electrical and

mechanical devices. They are described in the following.
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1.

Prebake of the wafer called “singe” for few minutes at a temperature T >
200 °C. This step is important for the complete removal of the excess of
water that could be present on the surface and could prevent the further
adhesion of the photoresist.

Application of the adhesion promoter on the planar surface. A widely used
promoter for SiO; planar surfaces is the hexamethyldisilizane (HMDS).
The avoid any different in height, the surface with the applied adhesion
promoter is subjected to spin coating with a speed that slowly increases until
several hundreds of rpm are reached. The final thickness of the adhesion
promoter is generally about few micrometers, and can be finely controlled
and reproduced by acting on the rotation rate and the viscosity of the
promoter.

A soft bake step is following to promote adhesion of the photoresist on the
surface. The typical tools to perform the soft bake step are convection oven
at 900 °C for 30 min, infrared oven for 3 to 4 min, hotplates for 1 minutes,
or microwave oven for only few seconds.

The following step aligns the pattern projected the pattern sketched in the
mask onto the surface with specific markers. In case of first alignment, the
marker to be referred are placed on the substrate. Alternatively, if a high
accuracy is required, the alignment marks can be etched in the substrate.
Further alignment of the masks can be performed by mean of those etched
marks. the exposure can be executed in a whole-wafer exposure system, or
alternatively, in a stepper system. In the first system, the dimension of the
pattern exhibits the same dimension of the substrate, and the mask is placed
in proximity of the wafer. If the mask is directly in contact with the
substrate, the system is called “proximity aligners”. This type of system
allows the transfer of the pattern in only one step. On the contrary, in the
case of the stepper system, a repeated procedure of is performed on a small
area of the wafer at time, and subsequentially steps are required to expose
the whole wafer. Generally, the pattern sketched in a glass substrate called
reticle refers to a single die. This type of system is able to achieve a higher

precision compared to the whole-wafer system due to small area involved




10.

11.
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in the process per times. The full wafer is patterned by opportunely moving
the reticle over the substrate area.

In some cases of micromachined devices, where the patterns must be
transferred on bot side of the wafer, there is the need to employ an additional
alignment tools to align two masks at time. Alternatively, it is possible to
perform the exposure one side at time.

The exposure process involves an intense light that modify the resist by
enhancing or reducing its solubility. In fact, after the exposure, the wafer is
immersed in a solution called developer that is in charge to remove part of
the resist. In particular, if the exposed resist immersed in the developer
molten, then the resist is called positive. Since the remaining part of the
resist are associated to dark area on the mask, the mask is called positive.
The exposed wafer develops the resist by immersion in adequate solution. I
case of positive resist, the commonly used developers are alkaline solution
such as NaOH, and KOH. The removal of the soluble resist does not involve
the unexposed area, since the solubility achieved by the positive resist is
thousand times higher than the unexposed resist.

A development inspection is performed after the development step, to check
for any defect due to masks unalignments, incomplete development of the
resist, or inappropriate exposure time.

A step of hard bake is required to remove any remaining solvents and water
from the surface. Temperatures are typically comprised between 150 °C and
1800 °C. The process can be performed in a convection oven and it takes
almost 1 hour to be accomplished.

The baked wafer can be etched. The etching procedure is responsible to
remove the area of the substrate not protected by the photoresist.

A etch inspection is performed to check the process was successful
accomplished. In case the wafer exhibits unetched area, the it can be etched
again, until the etching is successfully developed.

After the etch, the removal of the resist is performed during the stripped
step. This process can be executed a wet procedure employing solvents such
as acetone, trichloroethane, and alcohol, or even oxygen plasma and a

combination of sulfuric acid with peroxide.
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12. A final inspection process is performed using a microscope to confirm the

total elimination of the photoresist.

Once the photolithographic process is ended, the wafer can be exposed to further

microfabrication processes.

Mask. In photolithography, the information regarding the pattern to be
microfabricated onto the substrate is carried by the mask. The mask is produced by
photolithographic processes itself, which consist in exposing a resist film deposited
on the mask plate. The techniques be used to create the mask are the direct reduction
camera, the flashing tools, and the electron-beam exposure. In the direct reduction
camera, the artwork to be reproduced onto the mask is scaled in size through a
system of lenses assembled in a camera directly onto the reticle. Then, the reticle is
reproduced on the whole area of the mask using a likewise stepper step used for the
wafer in photolithography. In case of flashing, the pattern to reproduce onto the
mask is achieved by flashing the light through small rectangles. By moving the
mask with the help of a precision x-y stage, the mask is built up. In the third case,
the exposure is performed by mean of the e-beam tools. Typically, those tools are
scanning electron microscopes that features a high precision scanner that works
with high-speed beam blanker. Those instruments possess a high precision stage
too, to move the expose the area of the mask following a x-y direction.

Subsequentially, the patterned mask is exposed and developed, similarly to the case
of the photolithographic process. Then, the developed pattern of the mask is
reproduced onto a metal layer, usually a chrome layer, through wet or plasma

etching.

Etching. A fundamental step in microfabrication is represented by the etching
process, often performed after the photolithographic step. The need to selectively
remove a target material from the masking layer is crucial in the design of the
device. Etchant materials, the etch types, and consequently the etch rate can be
properly chosen to obtain the desired etched profilescan. The masking materials
generally to etch crystalline or polycrystalline silicon are silicon dioxide and silicon

nitride, as well as metals, often employed in dry etching.
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Based on the direction performed, the process can be classified as isotropic, if
there is no directional preference, or anisotropic, if the etching is performed at
different etching rate for a specific substrate. Furthermore, the etching profile can
be classified as wet etching when executed in liquid media, or dry etching, when
involving gaseous media [97-100].

The wet etching is based on chemical reaction occurring during the immersion
of the substrate in an etchant media. This process presents some difficulties in
controlling the etching rate of the sample. Additionally, it could involve impurities
that contaminate the immersed sample. A wet etchant commonly used in
microfabrication are alkali solution such as potassium hydroxide (KOH). It is often
used due to his ability to perform anisotropic etching along single crystal silicon
substrates. In fact, it etches 400 times faster the plane (100) of the silicon wafer
compared to the plane (111) [98]. Another anisotropic etchant is tetramethyl
ammonium hydroxide (TMAH), that feature a higher selectivity against silicon
dioxide and silicon nitride compared to KOH. An isotropic etchant widely used is
hydrofluoric acid (HF) in its pure or diluted form to remove sacrificial oxide layer

given its remarkable selectivity to silicon.

Reactive lon Etching. The vapor etching is a process that provide very low control
over the rate etching, and this aspect hampers its employment in patterning of
structure. For this reason, often microfabrication process relies on wet etching.
The reactive ion etching or RIE is a one of the etching processes performed using a
vapor phase, where ions are generated from gaseous etchant. In fact, to avoid the
lack of control over the etching rate, and to provide anisotropy to the gas phase, the
etchant molecules present in the gas are electrically charged, generating ions. After,
the ions are accelerated toward the wafer, and this step performs the anisotropic
selectivity in a favorite direction through to the trajectory path depicted by the
acceleration.

Ionization can be accomplished via usage of plasma or external electric field,
that promote the collision of the energized free electrons in the chamber and the
etchant molecules. The RIE process is usually performed at pressure chamber
comprised in the range 5 mTorr to 500 mTorr [101]. Low value of pressure in the

range of 5 to 20 mTorr can guarantee further directional anisotropic etching. In fact,
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in this case, the large free mean path of the ions can favorite the collision with the
substrate, and reduce molecular collisions. Under this condition of low pressure,
the etching rate can reach the considerable value of 0.1 um/min or even less.

To further enhance etching rate, it is possible to add a magnetic field that mainly
acts on ions and electrons in the plasma by directing them to follow a circular path.
Due to the elongated traveled pathway, the electrons increase their probability to
hit inactivated molecules and generate more energized electrons. This process
obtained by application of a coil applied to the confined plasma volume is referred
as inductively coupled plasma or ICP. The advantages achievable using this type of
process are the considerable produced free radicals at the low pressure as ImTorr,
as well as the low RF power required. Additionally, the RIE ICP demonstrated to
produce less damages during the directional acceleration, for this reason is less

aggressive compared to the simple RIE.

Deep Reactive Ion Etching. Silicon can be etched by fluorine radicals generated
by gases as XeF», and the accelerated ions toward the substratum. The RIE process
can perform a vertical substrate etching that can reach a depth of 2 — 3 um. If the
trench to be etched exceed this size, the etching attainable by RIE worsen as the
depth increase. For this reason, substrate with thickness of hundreds of microns is
etched by performing one of the two deep reactive ion etching (DRIE) techniques.
One DRIE process is the Bosh process. The Bosh process is based on cyclic
repetitive steps that alternate deposition and etching. After removal of SF¢ from the
chamber, a first step of deposition is performed by pumping C4Fg that deposits over
the substrate as CF2 due to bond breaking occurring in the chamber. At this point,
the CF» is removed by RIE etching, including the sidewalls of the trench. These
subsequent steps are performed until the desired depth is reached. Each step can be
rapid as few seconds or fractions, as well as longer as tens of seconds. Operating
pressure ranges between 10 to 50 mTorr, and it is possible to reach etch rates
comprised in a discrete wide range of 0.5 to 4 um/min. One important consequence
of the Bosh etching is the roughness of the surface that usually is tens of nanometer.
This type of process is particularly indicated for silicon substrate that exhibits high
aspect ratio and depth [102].
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The other DRIE process is the cryogenic process. In this case, the etching is
performed in cold environment that favorites the anisotropic etching through the
directional bombardment of the ions. In fact, this type of process presents a better-
defined etched profile exhibiting reduced surface roughness and no scallop-like
features compared to the Bosh process [103,104]. Usually, the working

temperatures are comprised in the range -170 °C to -100 °C.

Chemical Vapor Deposition. The chemical vapor deposition or CVD is a procedure
of deposition of materials that involved reactants in form of gases. The CVD is
usually used to deposit films of polysilicon, dielectrics insulators, i.e., SiO2 and
some metals, i.e., tungsten. The chemical reactions occur at elevated temperature in
the gas stream during the ‘“gas-phase nucleation”. Subsequently, the formed
particles create a robust film during the “deposition-phase”.

Generally, the CVD is performed at low pressure, and it is referred as low-
pressure CVD (LPCVD). Typical values of pressure are comprised in the range 0.15
and 2 Torr. Very similarly to the oxidation process, the equipment for the CVD
requires a furnace in which the chemical reactions can take places in a thermal
controlled environment. Additionally, the tube demand to be sealed and evacuated,
as well toxic and pyrophoric exhaust stream gases necessitate to be specifically
handled. The equipment is specifically designed to finely control the rate deposition
limited by the transport of the mass reactant in the gases. In fact, the equipment is
provided with precision mass flow controller to precisely gauge the amount of
reactant gases in the furnace chamber. Since the CVD does not involve a reaction
rate limited process as happens in the case of oxidation, the temperature demand to
be monitored with few degrees.

Polycrystalline silicon can be deposited via CVD by using the silane gas SiHa,
that separates into silicon Si and hydrogen H gases. Despite the fact that deposition
of polysilicon can be performed at low temperature such as 400 °C, a better robust
film can be obtained at slightly higher temperature as 600 — 700 °C. In fact, in this
last case the residual stress of the film can be negligible ensuring higher
performance in microsystems that embed elements enduring considerable

mechanical stress [105,106].
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Other material that can be deposited are SiO», from reaction of silane and
oxidant, such as oxygen of N>O. Silicon nitride SizNy is similarly deposited by
considering as precursors ammonia gas NH3 and silane SiHs. In this case, SiNy4
require the high temperature 800 — 900 °C to be deposited, since the residual stress
in the deposited material can be determined by the ratio of the gases in the furnace.
If the proportion between the reactant is not well controlled, the film may comprise
substantial amount of hydrogen, resulting in a not stoichiometric material.

The CVD permits the fabrication of doped films by addition of dopant gases. An
example is represented by the phosphosilicate glass, obtained by introducing
phosphine gas PH3 into the reactant stream flow during the deposition process of

Si0;.

Plasma Enhanced Chemical Vapor Deposition. The plasma enhanced chemical
vapor deposition or PECVD, is another deposition process driven by the glow
discharge generated by the collisions of electrons and independent from
temperature.

The RF plasma generator requires only few hundred Watts to produce a
fractional ionization energy for the glow discharge of ~ 107, In these conditions,
the electrons are provided with enough eV to break atomic bonds and to ionize the
molecules in the gases when they collide. For this reason, the process can be
performed at ambient temperature, and the heat produced by the process is limited
by the coupling of the low ionization fraction and the low background pressure,
despite the plasma can present a noticeable electron temperature of 20000 K.

This process deposition is generally employed for silicon nitride SizNs4 and
silicon carbide SiC. The ultimate film incorporates a higher rate of hydrogen, and
this phenomenon is responsible for a higher etching rate in comparison with other
deposition processes. Another important aspect is the significant deposition rate that
can reach the order of microns per minute. Thus, the film may present considerable
stress, that could threaten to the robustness. This can be controlled by modifying
the frequency used to generate the plasma. Often, the adhesion of the deposited film
is enhanced by performing PECVD process at 300 °C or more.
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Doping. The extensive employment of semiconductors in microelectronics is due
to their electrical properties and the ease way with which can be modified. By
introducing a restrained quantity of impurities to those materials, it is possible to
achieve controllable and reproducible desired electrical characteristics. Such
impurities are called dopants and can be introduced in the materials during the
process called doping.

Considering a two-dimensional model of pure silicon crystal reported in Figure
3.2A, each atom shares with its neighbor the external electrons in a covalent bond,
which are relatively firmly bound to their locations at low temperature. As a
consequence, the semiconducting material act as an electrical insulator. An increase
of temperature can provide enough energy to the external electrons to allow them
to escape from those bonds, reducing the resistivity of the material. Nevertheless,
the resistivity of the pure semiconductors is constant over a wide range of working
temperature that covers the interval comprised between -40 °C to 140 °C.

During the doping process, a silicon atom is substituted with an atom owning an
extra electron in the external shell, this electron is unrestrainedly bonded with its
neighbor, and it is able to hop to the close silicon atoms, as reported in Figure 3.2B.
The semiconductor that has been provided with extra electrons is defined as n-type
semiconductor. The silicon atom can be also replaced by an atom that misses an
electron, as shown in Figure 3.2C. In this case, the electron hops from the silicon to
its neighbor material. Since the silicon has lost its electrons, it exhibits a positive
charge due to its ionization. The hopping of the electrons can be associated to the
movement of a mobile positive charge, that is also known as hole. The
semiconductor that exhibits extra holes is defined as p-type semiconductor.
Considering the period table, the n-type dopants are element of the V group such as
phosphorous and arsenic, while the p-type dopants belong to the III group such as

boron and aluminium.
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Figure 3. 2: 2D model of semiconductors. A) undoped silicon crystal semiconductor; B)
n-type semiconductor doped with phosphorous, and C) p-type semiconductor doped with

boron.

The process of doping can be performed through diffusion or through rapid
thermal annealing systems. The diffusion process [94,96,107] can be performed
inside a furnace, where the dopant are inserted in the chamber via gaseous
compounds at a temperature that ranges from 800 °C to 1200 °C. The pressure of
the chamber and the time for the doping process represent the two variables
responsible for the level and the depth of the doping in the substrate. To prevent the
doping, it is possible to coat the area that must remain undoped with masking film,
such as Si0; or Si3Ng4. This technique ensures a precise and reproducible doping
profile. If there is not urgency for a definite and exact level and depth of doping, it
is possible to perform the rapid thermal annealing doping technique. This technique
requires that the area to be doped is covered with a paste containing the impurities,

which are transferred to the substrate.
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The diffusion is an isotropic process, which has as a consequence, that the doping
depth and level can vary. Specifically, the dopants atoms diffuse laterally under the
dark area of the mask, compromising the electrical performances of the doped area.

To avoid this event, alternative doping processes are based ion implantation
similar to RIE process. The accelerated dopant atoms hit the substrate and penetrate.
The penetration depth is established by their momentum and the crystalline
structure. For this reason, the doping depth can be controlled by tilting the substrate.
By varying the quantity of ions and the time of the process, it is possible to control

the doping level.
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Figure 3. 3: A typical polysilicon CVD system. The furnace features the gas inlets and the

heater elements around the chamber.

3.1.2 Materials used to fabricate the nanofluidic membrane

Silicon-On-Insulator Wafer. MEMS devices are often fabricated on both sides of
the substrate, and during the final steps, the two sides are connected by removing a
sacrificial layer through an etching procedure. The silicon on insulator wafer is a
layered structure comprising due conductive layers separated by an insulating layer
of Si0,. The conductive layers are the crystalline device layer exhibiting a thickness
of few micrometers and handle layer exhibiting a thickness of hundreds of
micrometers, while the insulator layer called buried oxide layer exhibits a thickness
of few micrometers. The employment of this type of structure can facilitate the
process flow to fabricate a micromachined device, since the three-layered structure
allow a fabrication process executable simultaneously on both conductive layers,

without any interaction prevented by the insulator. When the process is completed,
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the conductive layers are connected by removing the SiO» through etching

procedure.

Polycrystalline Silicon Phosphorous Doped. The polycrystalline silicon, also
known as polysilicon, represent one of the most important material in
microelectronics and microfabrication due to its capability to easily modulate its
electrical properties, creating highly conductive silicide. Additionally, the

polysilicon presents other valuable properties:

- mechanical properties demonstrated by the structure of the polysilicon are
comparable to those exhibited by the single crystal silicon

- deposited by CVD deposition processes, it showed a good coverage;

- exhibited a high melting point temperature;

- demonstrated to form a high-quality oxide;

- it is compatible with HF.

Its selective deposition process permits the production of high-quality junctions,
fill shallows and trenches, and create electrical contact by saliciding. In MOS
devices, the employment of poly-Si facilitated the miniaturization of the structure,
favoriting the multilayer interconnects, the drain and source contacts, the self-
alignment of the gate over the body, and creating dielectric isolation.

Fabrication process for polysilicon material can include doping, etching,
oxidation. Usually, the polysilicon is obtained upon standard hydrogenated
amorphous silicon material, and it exhibits ah higher carrier mobility compared to
the single crystalline silicon. The carrier mobility can be further increased by
performing a doping procedure, and the resistivity of the material and the lifetime

of the minority lifetime can be reproducibly modified.

The polysilicon grown by CVD process exhibited many advantages[108].

Among others, it is possible to consider

- uniformity in thickness and resistivity within the bulk material;
- reduced auto-doping issues caused by the chamber as a consequence of the

low pressure and the low temperature used for the deposition process;
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- reduction of the cost of the production, because of the simultaneously
several wafers processed;

- control over the density of defects in consequence of performing the
deposition in a longitudinal furnace. The vertical position of the wafer

favorites the falling of the particulates.

The deposition of the polysilicon is achieved by doping dilution gas of PH3

introduced in the deposition chamber.

Amorphous Silicon Carbide. The silicon carbide is a silicon-based compound
which presents polysilicon and amorphous form. Polycrystalline silicon carbide, for
example the ceramics, demonstrated properties suitable for high-temperature and
stress applications, as well as abrasive resistant application. Instead, in its
amorphous phase, silicon carbide is used in microelectronics and in silicon
heterostructures[109—111], as well as to coat substrate materials against
corrosion[112] and abrasion[113] phenomena, and etching processes[114].
Additionally, it is widely used in medical field, as biocompatible material, for
biomolecular applications[115] and medical devices[116].

Amorphous materials exhibit a very complex physical network. In case the
amorphous material is a compound, as amorphous silicon carbide, the complexity
increases. Regarding this aspect, several studies[117-120] demonstrated that the
structural and electrical properties of the tetrahedral alloy strongly depends on the
precursor gases. The fabrication process establishes the content of the hydrogen and
the ratio carbon/silicon in the deposited material. In case the compound fabricated

by PECVD, a-SiC is obtained by deposition of Si from SiH4 and ethane CHa.

Due to the different dimension of their radius, the carbon and the silicon create
an amorphous disordered network that is expected to be even more disordered
compared to the amorphous silicon. In fact, since the covalent radius of the silicon
atom is 117 pm while the covalent radius of the carbon is 0.77 pm[117], the ratio
between carbon/silicon radius is 0.66, resulting in an highly disordered network. In
Figure 3.4 is represented a possible disordered network that highlight the difference

between radius of carbon and radius of silicon.
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Figure 3. 4: Possible configuration of the amorphous silicon carbide network. The
illustration highlights the difference between the radius of silicon (white dot) and the
carbon (black dot).

If the deposition process is executed at temperatures minor than 600 °C, the
incorporation of hydrogen element in the network of the a-SiC can be significant.
As consequence, the thermal stability of the material is enhanced since the C-H
bonds exhibit higher stability that the Si-H ones. Furthermore, based on the
electronegativity exhibited by carbon and silicon, the carbon can hydrogens more
easily than silicon. Therefore, the bonds between Si and H can be reinforced when

the Si bonds to C.

3.2 Materials and Methods

3.2.1 Process fabrication steps of the nanofluidic membrane

The Nanofluidic Membranes employed in this study were fabricated starting
from a 4-inch p-doped silicon-on-insulator (SOI) substrate with a device layer (10
um), a buried oxide layer (1 um), and a handle wafer (400 um; Ultrasil Corporation,
Hayward, CA).

The nanofluidic device was processed modifying a previously reported
fabrication protocol[22] . It is the combination of photolithography and Reactive
Ion Etching (RIE). The fabrication steps are illustrated in Figure 1. First, a 600 nm

thermal oxide was deposited on the surface of the SOI wafer to act as a mask layer
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for photolithography (Figure 3.5A). Arrays of template nanoslits (500 nm width by
6 um length) were patterned on the device layer by using standard photolithography
on a contact aligner (KARL SUSS MAG6) NR9-500P photoresist (Futurrex,
Franklin, NJ) for the nanochannels (device layer). After transferring the pattern into
the oxide mask layer by reactive ion etching (RIE), nanoslit (nanochannels) patterns
were etched through the 10 pm device layer via deep RIE (DRIE) on an ICP deep
silicon etcher (PlasmaTherm, VERSALINE®) for 120 cycles, and stopped at the
middle oxide of the SOI (Figure 3.5B). Each cycle includes polymer deposition for
2 s (C4Fs 150 scem, Ar 30 scem, pressure 25 mTorr, and Bias RF 10V), polymer
removal from bottom of trench for 1.5 s (SF¢ 50, Ar 30 sccm, pressure 20 mTorr,
and Bias RF 300V), and silicon etch for 0.75 s (SFs 50, Ar 30 sccm, pressure 25
mTorr, and Bias RF 10V). ICP RF power was 5000 Watts for all these steps.
Backside macrochannels on the other side of the SOI, the handle wafer was
patterned using double side alignment on the aligner (KARL SUSS MA6) and
Megaposit SPR 220-4.5 photoresist for the macrochannels (handle layer). The
layout of the handle wafer was designed with a high density of hexagonally
arranged circular microchannels to provide mechanical stability.

Inductively Coupled Plasma (ICP) deep silicon etching was used to etch through
the 400 um handle wafer, stopping at the buried oxide layer (Figure 3.5C). Backside
macrochannels were etched about 500 cycles. For the backside etch, it includes
polymer deposition for 2.5 s (C4Fg 75 sccm, Ar 30 scem, pressure 25 mTorr, and
Bias RF 10V), polymer removal from bottom of trench for 1.5 s (SF¢ 150 sccm, Ar
30 scem, pressure 20 mTorr, and Bias RF 250V), and silicon etch for 3 s (SFe 300
sccm, Ar 30 sccm, pressure 25 mTorr, and Bias RF 10V). ICP RF power was 4000
Watts for all these steps. The wafer was Piranha cleaned after DRIE to remove the
polymer build up on the sidewalls of nanoslits and macrochannels. Then, the 1 um
middle buried SiO» layer of the SOI was removed in a buffered oxide etchant (BOE)
solution for 10 minutes to connect the nanoslits and macrochannel mesh (Figure
3.5D). The resulting nanoslits have a height of 770 nm. Following, a wet thermal
oxidation was performed at 1055 °C in ultra-high-purity (UHP) water vapor for 11
min, resulting in a high temperature oxide (HTO) SiO> formation that shrinks the
nanochannel height to 580 nm (Figure 3.5E). To form the gate electrodes,
phosphorus doped polysilicon (poly-Si) was deposited (121 nm thickness) via low-
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pressure chemical vapor deposition (LPCVD; Figure 3.5F). The whole wafer
structure was coated with a 64 nm SiC dielectric layer via plasma-enhanced
chemical vapor deposition PECVD (Figure 3.5G). To expose the highly doped
poly-Si, two contacts pads (~1 mm?) were created at the edge of the membranes by
selective removal of SiC by fluorine-based RIE. The process is described in details

in Table 3.1.

A SOl wafer B nCH DRIE

Device layer

Buried oxide layer
Handle layer

HUCH DRIE D BOE wash

uUCH
E SiO, thermal growth F PolySilicon LPCVD

G SiC PECVD H Nanofluidic membrane

Figure 3. 5: Fabrication process schematics. A) Silicon-On-Insulator (SOI) wafer with
lithography mask B) Deep reactive ion etching (DRIE) for nanochannel (nCH) patterning.
C) DRIE for microchannel (uCH) pattern. D) SiO, mask removal. E) SiO; thermal
oxidation growth. F) Conductive poly-Si deposition. G) Insulating SiC deposition. H)

Membrane structure.
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Each wafer features 120 membrane chips (Figure 3.6), which were diced into

individual membranes (6x6 mm?) via a dicing Saw (ADT 7100 Dicing Saw). Each

chip presents 199 round microchannels organized in a hexagonal spatial

configuration (Figure 3.5H). Every microchannel is connected to 1400 identical slit

nanochannels (length 10 um) organized in 19 rows and 96 columns. Each

membrane chip features a total of 278,600 nanochannels.
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Figure 3. 6: Final wafer featuring 120 nanofluidic membranes.

Process Step: Conditions:
Dry thermal oxidation of wafer for | 1055°C
selective oxidation mask 5 L/min O,

Layer thickness: 600 nm

Photolithography for nanoslits array on

device layer

KARL SUSS MA6 Contact aligner

AZ 5209 as positive photoresist (Futurrex,
Franklin, NJ), spun at 5000 rpm to a
thickness of 700 nm

Reactive lon Etching through silicon
dioxide down to device layer to transfer

nanoslits pattern into the oxide mask layer

PlasmaTherm 790 (PlasmaTherm, LCC)
40 sccm CHF3
3 sccem O,

75 mTorr
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1000 Watt
Etch depth: 600 nm

Deep Reactive lon Etching through the

device layer for nanoslits arrays

PlasmaTherm 790 (Plasma-Therm, LCC)
40 sccm CHF3

3 sccm O3

40 mTorr

1000 Watts

Etch depth: 10 um

Inductively Coupled Plasma Deep Silicon
Etching through 10 pm device layer

PlasmaTherm, VERSALINE® Generation
3 Deep Silicon Etcher (Plasma-Therm,
LCO)

Number of Cycles | 120

Polymer 2 seconds
deposition:

C4F5 150 SCCM

Ar 30 sccm

25 mTorr

RF forward bias

voltage 10V

RF forward bias

power 5000Watts

Polymer removal | 1.5
from bottom of
trench:

SFe 50

Ar 30 sccm

20 mTorr

RF forward bias

voltage 300 V

RF forward bias

power 5000 Watts
Silicon Etch:

SFs 50

Ar 30 sccm

25 mTorr

0.75 s
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RF forward bias
voltage 10 V

RF forward bias
power 5000 Watts

Photolithography for macrochannels array

on handle layer

KARL SUSS MAG6 aligner for double

alignement
Megaposit SPR  220-4.5  positive
photoresist, spun at 4700 rpm to a

thickness of 700 nm

ICP deep silicon etching was used to etch

through the 400 um handle wafer

PlasmaTherm, VERSALINE® Generation
3 Deep Silicon Etcher (Plasma-Therm,
LCO)

Number of Cycles | 500

Polymer 2.5 seconds
deposition:

C4Fs 75 SCCM

Ar 30 sccm

25 mTorr

RF forward bias

voltage 10V

RF forward bias

power 4000Watts

Polymer removal | 1.5s

from bottom of
trench:

SFe 300

Ar 30 sccm

25 mTorr

RF forward bias

voltage 10 V

RF forward bias

power 4000 Watts

Silicon Etch:
SFs 50
Ar 30 sccm
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25 mTorr

RF forward bias
voltage 10 V

RF forward bias
power 4000 Watts

Piranha clean of resist

HaS04 (96%) : Hy05 (30%) = 2:1

(KMG Chemicals, Inc.: Ultra Pure

Solution, Inc.

BOE solution to remove 1 um of SiO; layer

6:1 buffered oxide etch (Capitol Scientific,
Inc.)
10 minutes

Final nanochannels height: 770 nm

Wet thermal oxidation for nanochannels
height reduction
high temperature oxide HTO SiO2

1055°C
ultra-high purity UHP water vapor
11 minutes

Final height: 580 nm

Gate electrode

Low Pressure Chemical Vapor Deposition | 800 °C
of phosphorous doped polysilicon gate | 20 sccm SiHg
electrode 70 sccm PH;3
70 mTorr
Layer thickness: 121 nm
Plasma Enhanced Chemical Vapor | 800 °C
Deposition of amorphous silicon carbide | 20 sccm SiH4
70 sccm CH4
70 mTorr

Layer thickness: 64 nm SiC

HF dip to selective removal of amorphous

silicon Carbide via fluorine-based RIE

H,O : HF (49%)=20: 1
30s
(KMG Chemicals, Inc.)

Exposed contact area: ~ 1 mm?

Table 3. 1: The process flow for the nanofluidic membrane.
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3.2.2 Focused ion beam (FIB), scanning electron microscope (SEM) imaging,

energy dispersive X-ray spectroscopy (EDX) and ellipsometry

The structure and fabrication repeatability of the nanofluidic membrane was
assessed by imaging with a dual-ion beam (FIB) system FEI 235 at the
nanofabrication facility of the University of Houston, Texas. Nanochannel cross
sections were obtained using gallium ion milling. The resulting structures where
imaged at a 52° angle using scanning electron microscopy (SEM). Evaluation of
the silicon and carbon quantities inside the thin layer of the nanochannels was
performed via EDX spectroscopy, while the thickness of the deposited layer was

measured via ellipsometric spectroscopy.

3.2.3 The gas testing system

The structural integrity and the reproducibility of the fabrication protocol of the
nanochannel membranes was investigated by using the convective nitrogen flow
test[121]. This procedure, called burst test[22], allows the estimation of the time
constant of the fluidic characteristic of the nanochannels. It permits to measure the
dimension of the nanochannel by mean of a nitrogen gas[23]. The gas transport
across nanochannels consisted in application of nitrogen gas under specific pressure
flowing through the nanochannels device layer. The pressure used for the test was
0.1 MPa. The structural integrity and the reproducibility of the fabrication protocol
were evaluated performing a burst test at pressure comprised between 0.1MPa and
IMPa. The process of evaluation is detailed discussed in Fine et al.[22] In Figure

3.7 it is reported the nitrogen gas test.

48




Design and mechanical characterization of the nanofluidic membrane

Figure 3. 7: Nitrogen Gas Test used to evaluate the size of the nanochannels and the
mechanical robustness of the nanochannels membrane. A) Mass Flow meters connected to

the pressure controller. B) Nitrogen Gas tank. C) Membrane holder.

3.3 Results

3.3.1 Nanofluidic membrane

To assess the quality of the fabrication process, all chip membranes were first
visually inspected trough optical microscopy. Then a gas test characterization on
all chips to assess the nanochannel dimension uniformity across the wafer was
performed. I employed a previously developed model to predict the nanochannels
dimension from the measurement of transmembrane nitrogen gas flow upon
application of a pressure difference[23]. A gaussian non-linear fit (R>=0.99) of the
cumulative distribution of the obtained values shows a predicted nanochannel size
of 292 + 44 nm. Selected chips were further analyzed using FIB-SEM imaging
(Figure 3.8). Figure 3.8 A shows a picture of a single diced chip which has a size
6x6 mm? and a thickness of 400 um. The membrane features 199 cylindrical

microchannels which measure 200 um in diameter and 390 pm in length.

The hexagonal configuration of the cylindrical microchannel ensures high
channel density and structural mechanical robustness. Nanochannels are efficiently
aligned in a circular pattern that matched the microchannel area (Figure 3.8B,

3.8C). Figure 3.8D shows FIB cross sections of the slit nanochannels where despite
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the high aspect ratio, all deposited layers show high uniformity (inset of Figure
3.8D). The innermost SiO> layer created via slow thermal oxidation allows for tight
control of the nanochannels dimension. The poly-Si is used as a distributed gate
electrode that extends for the whole nanochannels area to offer high electrostatic
gating performances. External connection to the poly-Si layer is possible through
the conductive pads at the edge of the chip (Figure 3.8A). The outer-most layer of
a-SiC forms an excellent bio-inert coating, while serving as an insulating layer for

the gate electrodes.

A " Electrode pad =y

Figure 3. 8: Nanofluidic membrane. A) Picture of the nanofluidic membrane which
measure 6 mm x 6 mm with a total thickness of 400 um. B) SEM image of the top face of
the membrane (device layer) that shows the vertically etched nanochannels arranged in
circles. C) SEM image of nanochannels array. D) FIB-SEM image of nanochannel cross-
section which shows the vertical nanochannels and highlight the layer stack on the
nanochannels walls. In order from the innermost (Silicon, blue) to the outermost layer there
is silicon dioxide (SiO, 175 nm, green), n-doped polycrystalline silicon (poly-Si, 121 nm,
red) and silicon carbide (SiC, 64 nm, gray). The different layers in the FIB image are
artificially colored for clarity.
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3.3.2 EDX, and Ellipsometry Measurements

The composition of the external coating layer a-SiC was investigated by using
the EDAX measurements on three membranes located in four different spots of the
wafer to assess the fabrication process. The results relative to one measurement is

reported in Figure 3.9.

92
si /€ :
- R D

Boo 0.67 1.34 201 2.68 3.35 4.02 4.69 5.36 6.03

Lsec: 51.2 112 Cnts 1.845 keV Det: Apallo X-SDD

Figure 3. 9: EDX measurement relative to one membrane.

The deposited a-SiC layer featured 51.47 + 1.95 wt% of silicon (Si), 14.22 +
1.95 wt% of carbon (C), and 34.30 £+ 2.05 wt% of oxygen (O). The low standard
deviations associated with the elements indicated that the deposition process was
uniform. Simultaneously to the detection of the Si and C, O was detected. The
presence of the O can be associated to native oxide. In fact, every silicon substratum
exposed to the atmosphere naturally develop a thin layer of oxide, between 3 nm to

5 nm thick.

To measure the thickness of the deposited polysilicon and s-SiC, ellipsometric
measurements was performed on four membranes located in different spots of the
wafer and reported in Figure 3.10. The data were fitted in the range of the
wavelength 270 — 1000 nm and averaged. The averaged thickness and standard
deviation of the layers was calculated: the polysilicon was estimated 121.98 + 12.3

nm, while the a-SiC was estimated 64.22 + 15.2 nm.
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Figure 3. 10: Variable Angle Spectroscopic Ellipsometric Data relative to one membrane.

3.3.3 Mechanical Robustness and Nanochannel Dimension Tests

The Gas test characterization was performed on the diced chips, to measure the
nanochannels dimensions. After the evaluation of the nanochannel size using the
Scanning Electron Microscopy, and the after performing a first investigation of the
vertical channel section by mean of the Focus Ion Beam of some of the nanochannel
membrane, the nitrogen gas test allowed to measures the nanochannel size of the
all membranes deriving from the wafer. In fact, the photolithographic process
performed could provide a variation in terms of size of nanochannels despite the
nanofluidic membranes were fabricated on the same SOI wafer. For each SOI
wafer, the nanochannels size was estimated as an average measure. The average
measure calculated on the same SOI wafer associated with a standard deviation that

was comprised in the range of £120 nm.

3.4 Conclusion

As compared to our previous technology[19,22,44] the present membrane
presents two key advantages: 1) the streamlined fluidic structure, with cylindrical
microchannels directly connected to the array of through nanochannels allows for
a substantially simplified fabrication process[22]; ii) by accounting for same
nanochannel size, the fluidic architecture achieves a 45% and 37% reduction in

diffusive length and resistance, respectively. As compared to other AAO-based
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gating systems[122], which dispersed pores size can affect performances[123], the
present membrane possesses monodispersed channel dimensions. This is important
in the context of the tight control of drug delivery. Further, in contrast to most gated
fluidic systems, designed for the evaluation of electrostatic phenomena|124], our

technology achieves molecular transport rates suitable for medical applications.
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Chapter 4

In-Vitro Degradation Study

Abstract

In this chapter, the a-SiC was investigated in comparison with the silicon dioxide
Si02, the most used material in solid-electronics. The evaluation was performed by
using different techniques to observe the corrosion effect on the surface of the
nanofluidic membrane. Results demonstrated that the a-SiC is an ideal candidate
for harsh environement, since it demonstrated greater stability and no evidence of

degradation.
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4.1 Introduction

The silicon manufacturing use materials that have been demonstrated to be
biocompatible[73,75]. The nanofluidic membrane was fabricated by using
amorphous silicon carbide, that insulate the embedded electrode. At the same time,
the biocompatibility of the a-SiC allowed low immunity reaction[82] generated on

the implantation site of the nanofluidic device.

4.1.1 Scanning Electron Microscopy

The Scanning Electron Microscopy (SEM) consents to investigate physical
characteristics of specimens, and to gather information regarding the surface and
the near surface area in the bulk material, as the structure, the composition and the
defects of the sample. This investigation is performed by using an electron beam
with small wavelength and a high energy, and this permits to reach an extremely
high resolution that can reach the limits lower than 1 nm.

The ability to resolve the images is determined by the wavelength used to inspect
the samples. In fact, considering the visible light that presents a large wavelength
(A=380-760nm), the achievable resolution is 200 um. In case the wavelength used
is shorter, as in case of ultraviolet light, then the resolution can be enhanced. In fact,
considering the use of a lens in contact with a dielectric with high refractive index
as for a lens immersed in oil, the resolution reaches the limit of 0.1 m. Significant
improvements are reached in case the wavelength used is even smaller, since the

generated power is increased and the image depicts more details.

Formation of the image. The SEM instrument is composed by three units: an
electron column, a vacuum chamber to host the samples, and an electronic control.
The electron beam occurs in the electron gun situated in the upper part of the
electron column, and it is gathered into system of electromagnetic lenses that
generate a beam exhibiting a diameter of few micrometers. The collision between
the electron beam and the surface of the specimen produces a several different
signals associated with backscattered electrons, secondary -electrons, auger

electrons and x-ray. Additionally, depending of the accelerated voltage used, the
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electron beam can enter through the surface and reach the substrate of the sample.
The depth of penetration, that usually is few um, is determined by the density of the
material under inspection and the acceleration voltage of the electron beam. In fact,
the collision between the electrons and the surface produces a scattering
phenomenon that can be elastic and inelastic. Figure 4.1 the scattering signals and
their penetration depth. The elastic scattering redirects the hitting electrons into new
coordinates preserving the same amount of energy. This event causes the
propagation of the electrons inside the bulk material in a teardrop formation This
type of scattering occurs with a bias voltage of 5 — 20 kV. On the other hand, during
the inelastic scattering, energy is transferred to the nucleus of the atoms, but the
direction of propagation is the kept as the original incident direction, or it can

variate with small angles respect the original one.

Incident Electron Beam

Specimen Surface

Auger Electrons (0.4 — 5 nm)

Secondary Electrons (~100 nm)

- Backscattered Electrons (~1 pm)

. Characteristic X-rays (~5 pm)
Specimen

Bremsstrahlung X-ray (~5 um)

X-ray Fluorescent (~5 pm)

Figure 4. 1: Teardrop generated by the collision of the incident electron beam and the
specimen surface. The generated scattering signals and their penetration depths are

illustrated.

The information that one can gather from the imaging are different. It is possible
to observe the superficial micro- and nano-structure of the specimens for a variety
of materials, from inorganics, such as metals, ceramics, compounds, to organics,
such as biological specimens, among others. Additionally, the specimens can be or

not be conductive.
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The resolution offered is in less than 1 nm, and in case of SEM structure provided
with field emission gun, the sample can be investigated with a lateral spatial
resolution of 1 nm. SEM imaging can be obtained by using both type of electrons:
secondary or backscattered electrons. In the first case, the imaging is used to
provide topographic images, while in the second can provide a compositional

description simultaneously to the topographic images.

4.1.2 Energy Dispersive X-ray Spectroscy

The electron beam can be generated using two types of guns: thermionic or field
emission. The generated electrons are accelerated by using a bias voltage, and the
focused into a beam through electromagnetic lenses. Signals generated by the
collisions can be of different types, i.e. the secondary and the backscattered
electrons, auger electrons, characteristic x-ray and photons. The signals originated
from the interaction that occurs between the sample and the beam provides
information regarding the sample composition.

The Energy Dispersive X-ray spectroscopy is employed to examine the
qualitative and quantitative elemental composition of the specimens[125]. The
working principle of the EDX spectroscopy can be explained considering the
atomic model reported in Figure 4.2. The atom nuclei, where the protons and
neutrons are located, presents a positive charge due to its composition. Electrons on
the orbits carrying negative charges are placed on specific shells depending on their

energy that increases as the distance from the nucleus increase.

primary e- beam

characteristic X-rays
N
3

Figure 4. 2: Atomic model displaying the shells K, L, and M.
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As the electron beam hits the surface of the material, the interaction between
accelerated electron and the atoms takes place in the inner shell. The electron placed
on this shell is bounced to the next orbital and a vacancy take its place, ionizing the
atom. The vacancy is occupied again as soon as an electron from outer orbits
collapse into inner orbit, causing the release of an x-ray photon provided with the
energy corresponding to the energetic difference of the two orbits. In Figure 4.2 is
reported the atom with its shells hit by the electron beam and the generated
characteristic x-ray.

This results in an electromagnetic emission spectrum with unique set of
peaks[125], which represent the main purpose of the spectroscopic investigation.

The position of the peaks is determined by the Moseley’s Law[126].

4.1.3 FIB Focus Ion Beam

The focus ion beam microscopy employs ions beam to raster the surface of the
sample. The ions hitting the specimens generate secondary ions and electrons that
provide information as in case of SEM, but the resolution is limited to 5 nm. The
FIB is usually performed to micromachining, etching or sputtering the specimens.
Since the positively charged ions exhibit a momentum and a weight larger than
electrons, the ion beam can eliminate matter from the surface of the sample without
damaging the underside substrate with nanometric precision.

The interactions between ions and surfaces consists in transferring the ionic
energy and momentum to the surface of the specimen. As in case of the SEM, the
collision can be elastic and inelastic. In fist case, the elastic collision can originate
the displacement of atoms from their original position, and this led to the damage
of the sample. In case of inelastic interactions, it is possible to observe
electromagnetic and radiation emission of electrons and ions. There is three type of
ion supplies: the liquid metal, gas field and plasma ion source. One of the most used
ionic sources is the liquid metal gallium, since it exhibits a low melting point, high
stability and reduced energy spread.

The 1onic imaging is performed as in case of the SEM imaging. While in the

scanning electron microscopy the image is generated by the secondary electrons or
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backscattered electrons, in the FIB microscopy technique, the secondary electrons
generated by ions collision possess lower energy. In fact, by using a gallium ionic
beam, the energy associated with Gallium comprised between of 5 kV to 30 keV

can generate secondary electrons that feature an energy 10 eV.

4.1.4 Atomic Force Miscroscopy

The Atomic Force Microscopy (AFM) is one of the scanning probe microscopies
that can provide a very-high-resolution measurements of the surfaces of the
specimens under test. It has a resolution of order of fraction of nanometer, and can
give a topological map of the surface of the sample under test. Information deriving
from the measurements are generated by a mechanical probe put in direct contact
with the specimen surface. This probe is a piezoelectric element driven by
electronic command and control that provide a high accurate and precise scanning.

The information that one can gather from a measurement are regarding the force
measurements, the topographic imaging, and the manipulation. In force
measurement mode, the AFM scan can evaluate the forces generated by the mutual
interaction of the probe and the specimen. Specifically, the probe demonstrates
high sensibility toward the forces offered by the specimen surface. This interaction
produces a raster scanning image where the variation in height of the sample are
recorded due to the contact probe-specimen. This principle can be used to evaluate
the mechanical properties, i.e., the Young’s modulus, that is related to the stiffness
of the solid material specimen[127]. The surface topography can be displayed in a
pseudo-colored, where the different color indicates different height level of the
surface. In manipulation mode, the interaction between the probe and the sample is
employed to modify the features of the specimen in a precise fashion, as in case of
photolithographic processes AFM scanning probe based and atomic modification
of the surface specimen, and biological application, as in case of localized cells
stimuli. AFM investigation permits to acquire other type of information, as the
stiffness of adhesion strength, electrical conductivity and surface potential of the

specimens, among other properties.
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4.1.5 Spectroscopic Ellipsometry

Spectroscopic ellipsometry is an optical tool that evaluate the variation in
reflection or transmission polarization signal by comparing to a model[128,129].
This technique is widely used to investigate properties associated with thin film, as
for example the thickness or depth of the film, the doping composition, the
roughness, the electrical conductivity, the crystallinity of the film, among others.

The incident light beam that interacts with the thin film generate a spectral data
depending on the returning component of the reflected light beam. The interference
resulting from the interaction of the reflected light through the different layers can
be constructive and destructive. The type of interactions is determined by the light
wavelength and by the phase of each light component. Additionally, the reflected
light exhibits a delay depending on the thickness of the layer and the refractive
index of the material. For this reason, the measurements generate data depending

on the properties of the layer.

Linearly Polarized Light

E p-plane

s-plane
Elliptically Polarized Light

p-plane

Reflect off Sample

Figure 4. 3: Ellipsometric measurement principle. Polarization light is reflected by the
specimen.

4.2 Materials and Methods

4.2.1 Membrane degradation

To test the inertness of the membrane in view of implantable applications, an in-
vitro study in simulated physiological conditions at 37 °C as well as in accelerated
conditions at 77 °C was performed. Two sets of membranes were used: 1) in the

first set, the fabrication procedure was stopped at the thermal oxidation (Set A),
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resulting in the outmost layer of SiO; (~300 nm), 2) the second set of membranes
(Set B) featured an outmost layer of SiC (~70 nm), which was deposited as
previously described right after SiO2 (~270 nm) thermal growth. Each set of
membranes was divided into 3 groups: the first group was soaked in 4 mL of 2 uM
sodium fluoride (NaF) in PBS at 77°C, the second group was soaked in the same
solution at 37°C and the third group — in 2 uM NaF in PBS also containing 16
mg/mL BSA at 37°C. This resulted in a total of 6 groups with n = 4 replicates for
each. To prevent exposure of SiO; from the side in the Set B, the sides of each
membrane was covered with thermal epoxy (354-T Epoxy Technologies, Inc.) and
cured at 150°C for 30 minutes.

The degradation study was run for a total of 120 days with timepoints every 15
to 30 days depending on the group. At each timepoint, the membranes were
removed from the solution and triple rinsed in deionized water (DI H>O) followed
by isopropyl alcohol (IPA) before being dried. To assess degradation, the surface
roughness, surface composition and thickness of the different layers were evaluated

using electronic and optical tools.

4.2.2 Spectroscopic Ellipsometry

The thickness of the coating thin films was measured by spectroscopic
ellipsometry technique using the J.A.Woollam M2000U Ellipsometer in the
spectral range of 245 - 900 nm. All the spectra were recorded at too temperature,
using three incident angles of 55 °C, 60 °C, and 65 °C. y and A were recorded in
standard mode, by using the configuration of 0 ° for the modulator, and 45° for the
polarizer. To fit the experimental measured data, appropriate optical fitting models
were developed for the silicon dioxide and amorphous silicon carbide samples. The
spectral range for the evaluation of the thickness of the coating films and the surface

condition was chosen between 370 — 1000 nm.

4.2.3 SEM, and EDX

To perform a visual inspection and the chemical modification, the specimens

were inspected by SEM and EDX techniques. The SEM used for investigation was
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a Nava Nano SEM 230 (Thermal Fisher, USA) and the EDX Detector mounted on
the side of the SEM is EDAX-Octane Super device (AMETEK, Inc. USA).
Measurements were performed at room temperature 23 °C. The SEM accelerator
voltage was set at 5 kV and 8 kV for SiO, samples and a-SiC samples, respectively.
The high vacuum chamber was set at 3*10° Torr. The spot was set at 3 nm for
imaging, since the diameter of the e-beam was 3 nm. The emission imaging mode
was set to process the imaging and to have the high-resolution image. The SEM
work distance was set at 5 mm.

To perform the EDX investigation, the accelerator voltage, the working distance

and the vacuum conditions were maintained the same of the SEM investigation.

4.2.4 AFM

To study the surface morphology, an atomic force microscope (AFM Catalyst)
operating in contact mode was used. In Contact mode, the micrometer-scale
allowed an investigation of 50 um x 50 um. Measurements were performed with a

diamond conductive coated probe.

4.3 Results

Degradation study. In vitro degradation testing was performed to evaluate the
membrane chemical robustness in view of its application for implantable drug
delivery. The testing conditions in PBS at 37 °C were chosen as they represent an
established model of biological fluids in subcutaneous tissues. Accelerated
conditions at 77 °C allowed us to monitor long-term degradation within a shorter
timeframe, while maintaining relevance with respect to the physiologic conditions.
Moreover, because fluoride ions are known to readily erode various types of silicon
containing materials, the stability of the membrane was tested in solutions
containing NaF. Fluoride is present in small quantities in drinking water as well as
in physiological fluids. Importantly, in humans, fluoride ions are not regulated
homeostatically and fluoride concentration in plasma averages at 0.01 ppm[130].
For this reason, the solution used contained almost 4 times the average fluoride

concentration found in human plasma (2 uM).
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Figure 4. 4: Nanofluidic membrane degradation. Energy-dispersive X-ray spectroscopy
(EDX) for membranes coated with SiO» versus SiC at 77 °C (A), 37 °C (D) and at 37 °C
with BSA (G). Surface roughness calculated with atomic force microscopy (AFM) for
membranes coated with SiO» versus SiC at 77 °C (B), 37 °C (E) and at 37 °C with BSA
(H). Layer thicknesses fitted through ellipsometry data for membranes coated with SiO,
versus SiC at 77 °C (C), 37 °C (F) and at 37 °C with BSA (I).

Figure 4.5 A, D, G show the surface composition of the chips analyzed through
energy dispersive X-ray spectroscopy (EDX). For SiO: chips in accelerated
conditions (Figure 4.5A), the relative abundance of silicon and oxygen peaks
significantly changed during the first 30 days, resulting in an increasing trend of
silicon presence. EDX analyses a volume deeper than the thickness of our SiO:
layer, including the underlying silicon. Therefore, the shift in composition toward
silicon suggests an erosion of the initial Si0; layer (~300 nm). The reduction in
silicon oxide thickness was corroborated by ellipsometry measurements (Figure

4.5C), which show a constant decreasing trend. However, surface roughness
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(Figure 4.5B) did not show any significant changes during the first 30 days, hinting
small to no change in solid-liquid interface composition. Interpolation of the
ellipsometry measurements during the first 30 days yields a corrosion rate of 8.5
nm/day, which predicts the complete degradation of the silicon oxide layer in ~35
days. In fact, the surface roughness (Figure 4.5B) increases after day 30 suggesting
a change in surface composition, likely due to a change in exposed surface from
silicon oxide to silicon. The presence of oxygen in the EDX for the 45 and 60 days
timepoints does not exclude the hypothesis that the thermal grown oxide is
completely corroded. This can be explained by the formation of Si-O-Si bonds that
occurs due to nucleophilic attack of oxygen from OH-terminated Si to nearby
surface Si atoms with dangling bonds[131]. The silicon surface is concurrently
oxidized and hydrolyzed by the surrounding water. The rate of this corrosion
process is likely higher than the silicon oxide corrosion rate, resulting in an
increased surface roughness as reported by the AFM measurements (Figure 4.5B).

In contrast with Si0 coating, membranes presenting a SiC outmost layer did not
show appreciable trends of degradation (Figure 4.5A-C). The thickness of SiC
measured with ellipsometry (Figure 4.5C) was constant over the whole duration of
the experiment, demonstrating inertness of SiC in electrolytic solutions, even in the
presence of fluoride ions. It should be noted that EDX revealed a sharp increase in
abundance of carbon concurrent with the reduction of silicon at 30 days (Figure
4.5A). Due to the abrupt rather than continuous change and the absence of carbon
source, | attribute this observation to a poor fitting of the EDX spectrum which
suffers from suboptimal signal-to-noise ratio.

No notable trends were observed in either the surface composition or roughness
at 37 °C (Figure 4.5D, E). However, the thickness of the silica layer was slowly
decreasing as evident by ellipsometry (Figure 4.5F). The degradation rate was
obtained by fitting the data points and is equal to 0.17 nm/day. To evaluate the
effect of the addition of fluorine ions on degradation, the temperature coefficient
(y) of silica degradation was calculated by assuming linear degradation kinetics and
adopting the Arrhenius equation[132]. Assuming that the degradation kinetics are
linear in time, it was used the degradation rate constants at 37° C and 77°C in
Arrhenius equation to determine the temperature coefficient (y) of silica layer

degradation[132]:
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At
kt2 = kt2 * le (41)
10
8.5 nm/day \77°C-37°C
y = (SSmmlday yTETE
0.17 nm/day (4.2)

Temperature coefficients for corrosion reactions are usually in the range of 2-
2.3. However, particular experimental conditions can lead to values outside this
range[133]. In fact, previous stidies of silica and quartz degradation have found
coefficients between 1.7 and 3.7 depending on the temperature range considered
and solution properties such as molarity and pH[134]. Therefore, in order to
correctly estimate degradation times extrapolated from accelerated conditions
studies, the y for specific experimental conditions must be calculated. The y
experimentally found in this study (2.7) is within what was previously found in
literature. Comparison to other studies on dissolution rate of silica[ 134] showed that
the presence of F in solution increases the degradation rate by factor of 24 at 37 °C
and by factor of 50 at 77°C (No F~at 77 °C vs F~at 77 °C).

A higher value that reported in the literature (typically y=2-2.3)[135] was
obtained (y=2.7), which is indicative of the harsher degradation conditions
generated by fluorine ions. Even in this setting, a-SiC coated membrane showed no
sign of degradation, demonstrating superior chemical inertness and suitability for
long-term implantable applications.

Further, the influence of protein adsorption on surface degradation (Figure 4.5G,
H, I) was investigated. Membranes were incubated at 37 °C in PBS solution
containing 1.6% BSA, concentration compatible to what previously reported in the
subcutaneous space[136,136]. Ellipsometry measurements showed no evidence of
surface silica loss throughout the whole duration of the experiment. While in
solution, BSA adsorb to the silica surface, creating a uniform layer that has been
reported to exhibit properties typical of BSA[137]. In these conditions the adsorbate
masks the silica properties and limits the diffusive access of water to the surface.

Thus, protecting the underlying silica from corrosion[131].
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4.4 Conclusion

In this chapter, the corrosion evaluation of the a-SiC was presented in
comparison with the the silicon dioxide. Overall, the investigation demonstrated
that the silicon oxide erodes at appreciable rate in the absence of proteins at 37 °C
and very fast at 77 °C. Despite the spontaneous formation of protective protein
layer, it is not reliable for long term use in vivo. In contrast, silicon carbide showed
superior stability and no evidence of degradation was observed across all tested

conditions, including incubation in 2 uM fluoride buffer at 77 °C.
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Chapter 5

Electrochemical characterization of
the nanofluidic membrane as

homogeneous IFET nanochannels

Abstract

In this chapter, the performances of the gated membrane for electrostatic control
of charged species were evaluated. The gating performances of the nanofluidic
membrane were evaluated by applying an electrostatic potential (-3 V to 3 V) to the
gated nanochannels. -V characteristics were measured potassium chloride (KCI)
aqueous solution to assess the ionic field effect transistor IFET permselectivity of
the nanofluidic membrane. Additionally, the performances were evaluated where
the ionic Debye length is smaller than the nanochannel size, in light of future
biomedical applications such as reservoir-based implants. Furthermore, the leakage
current was measured in the phosphate buffer saline (PBS) solution at different
concentrations. The physics of the devices was investigated and the transport
phenomena responsible for the leakage current were identified. A small-signal
linear time-invariant (LTI) circuit was determined and the flat band potential and

density of interface states were estimated.
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5.1 Introduction

5.1.1 Physical theory of conductivity in amorphous material

The nanochannels are provided with a doped layer of polycrystalline silicon
coated with a layer of amorphous silicon carbide. This structure represents the
gating electrode of the nanofluidic membrane. The amorphous status of the
dielectric coating could be subjected to phenomena of electric transports through
the density of distribution of states generated during the deposition process.

The physical properties of the solid materials are related to their electronic band
gaps. Crystalline materials present valence band, conduction band, and forbidden
energy gap that are responsible for the electronic transport and conductive
properties. On the other hand, the amorphous materials still exhibit electrical
properties similar to intrinsic semiconductor materials, but they also future bandgap
between occupied and unoccupied states, as it can be observed in crystalline
semiconductors or dielectric insulator.

The conduction theory of the bandgap in crystalline and insulator material was
firstly described by Wilson[138—140], and it stated that the electronic charges can
freely move in the crystalline lattice, occupying specific energetic states that can
relate to the Bragg reflection condition. To observe the electronic conduction, i.e.,
current, the electron must possess an energy that allow him to move from the
valence band Ey, to the conduction band E¢. A schematic diagram representing the
conduction theory is reported in Figure 5.1.

In an insulator material, all states in the conduction band are all vacant, while
the states in the valence band are full, impeding the generation of electronic
transport and the generation of current.

A key role in the electronic conduction mechanism is played by the Fermi level
position, the trapping phenomenon, the minority carriers, the bending occurring at
the junction with other materials, the impurities as well as the distribution of the of

states.
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Figure 5. 1: Electronic density of states in amorphous silicon carbide.

The electronic distribution of the density of states represents one of the most
important aspect in the electrical conductivity on the amorphous
semiconductor[141]. It can be divided in localized density of states and extended
density of state. They concur in the conductivity of current depending on the
temperature. In fact, when the temperature is 0 °K electronic conduction involves
only the extended states.

The electrical conductivity o of the amorphous material can be described by the

equation 5.1:

o =neu (5.1
where n represents the carrier density, and p represent the electronic carrier
mobility. Considering that the electrical conductivity can be expressed as the
contribution of the electrons featuring an energy above the Fermi energy Er and the

holes featuring an energy below the Fermi energy Ep, it is possible to describe the

conductivity as
o= fN(E) e uW(E) f(E, T) dE (5.2)
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where f(E, T) represent the Fermi function, N(E) represents the total amount of
minority carriers and p(E) represents the carrier mobility, and all those quantities
are function of the energy. Considering the particular case when the conductivity

involves only one type of carriers, then the equation 5.3 can be rewritten as

EF)]

= fN(E)eu(E)exp[ (E

dE = — G(E)exp[ (E EF)]

dE (5.3)

where k is the Boltzmann’s constant, T is the temperature, and o(E) =
N(E) e u(E) kT denotes the conductivity at E = Ep. The equation highlights that
the conductivity is dependent on the density of state and on the carrier mobility. For
this reason, the density of defects that could appears into the bandgap can generate
a mechanism of conduction by hopping transport at the Fermi level, as reported in

Figure 5.2.

___________ e ’V‘\ . _v.“,. ?f\‘  Transport Encrey
¥ ‘ \ .In , *:
/"/ K \l !
- - - ®
p . 1
- ©

| Carrier Density

Figure 5. 2: Conduction mechanism associated to the hopping transport.

To avoid the hopping effect, it is convenient to produce materials with a low
amount of defect. In this way, the conduction mechanism is originated only in the
band edges. In fact, the carriers involved in the conduction process possess a higher

energy level that permits the to “jump” to the conduction band if compared to the
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ones involved in the hopping effects. This guarantees more control over the
generation of current and the conduction mechanism.

When the temperature is above the 0 °K, the carriers are free to move in extended
states and additionally, in the localized state by the hopping mechanism.
Furthermore, when the material presents any inhomogeneity, the carriers are
subjected to elastic and inelastic movements. For this reason, the conductivity of
the material can be evaluated as an average of local conductivity values calculated

over the density of states.

Activation Energy. The mechanism of conduction in amorphous materials is

thermally stimulated, and can be defined with the equation 5.4:

o(T) = oyexp (_k—?y) = 0yexp (— (ETRk—;EF)) 54
where Etg represents the average energy of the conduction electrons, E; represents
the activation energy and o represent the conductivity pre-factor. Considering the
conductivity model for abrupt mobility edge, where the transport mechanism
involves the conduction and valence bands, Etr correspond to the conduction
energy Ec. Considering other conduction mechanisms, for instance the band tail
hopping, the Etgr can be different from E. The distribution of states, the activation

energy Etg, and the band tail mechanism are reported in Figure 5.3.
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Figure 5. 3: Schematic reporting the density of state, the abrupt conduction mechanism,
the band tail hopping , as function of the energy. Fermi energy Ep, activation energy E,,

and average conduction energy Etgr are reported.
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5.1.2 Electrical properties of the amorphous/crystalline heterojunction

The electrode is composed by the phosphorous doped polysilicon covered with
a thin layer of a-SiC. The composition of the amorphous silicon carbide represents
an important aspect for the electrical properties. Based on the ratio between the
carbon and the silicon, the obtained amorphous silicon carbide exhibits different
conductivities[ 142]. Additionally, the interface between polysilicon and a-SiC can
originate a space charge region. The space charge region is characterized by the
presence of free and trapped charges that can increase the conductivity.
Polycrystalline silicon is doped by adding phosphorous atoms, generating a n-type
semiconductor. The excess of electrons results in an energy level Er closer to the
conduction band Ec. Consequently, they can be easily excited by applying an

appropriate potential, and involved in the conduction mechanism.

5.2 Materials and Methods

5.2.1 Electrolytic solutions

The dielectric leakage currents were evaluated using two different aqueous
solution: the KCI and the PBS. The employment of the monovalent solution KCI
allowed to characterize the nanofluidic membrane as an IFET. Instead, the PBS
solution at different concentration permitted to evaluate the leakage current when
the nanofluidic device would be implanted. In fact, the pharmaceutics used to
perform experimental control for the release of drugs in in-vitro fixture were
dissolved in PBS, the physiological solution used for in-vivo experiments. Further
details regarding the in-vitro electrostatic control of the pharmaceutics are provided

in Chapter 6.

5.2.2 Setup for electrochemical measurements

The Setup for the electrochemical measurements is reported in Figure 5.4.

Electrochemical measurements were performed in a poly(methyl methacrylate)
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PMMA (McMaster Carr, Douglasville, GA) fixture. The setup system was
constituted by two reservoirs containing 2 mL of solution, each provided with two
Ag/AgCl electrodes (counter electrode and reference electrode). The under-testing
samples (membranes and blank) were secured in between the two reservoirs by
using two rubber silicone O-rings (Apple Rubber, Lancaster, NY). The fixture was
screwed by a mean of 4 SS316L M3 screws. All measurements were performed

using the potentiostat multichannel (Ivium Technologies B.V.).

—testing solution

__0O-ring

nanofluidic
membrane

— Ag/AgCl electrode

Figure 5. 4: Assembled system setup to perform electrochemical measurements. The
membrane separates the two reservoirs containing two Ag/AgCl electrodes. Reservoirs are
called Source (S) and Drain (D). Vps is the transmembrane potential, and Vgs are the

polarization potential.

5.2.3 Nanofluidic membrane

The nanofluidic membrane used to electrochemically characterization was
fabricated as described in Chapter 3. Briefly, the lithographic fabrication process
was performed on a silicon-on-insulator (SOI) 4-inch (100)-oriented p-doped wafer
with a device layer (15 = 1 um), a buried oxide layer (1 um), and a handle wafer
(400 pm, Ultrasil Corporation Hayward, CA). After a first wet thermal oxidation
step to produce 600 nm of sacrificial oxide on the surface of the device layer,
nanoslit templates with a 500 nm width and a 6 pm length were patterned by using
a reactive ion etching (RIE) step via inductively coupled plasma (ICP) deep silicon

etching. On the other side of the SOI wafer, the handle wafer was patterned with a
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high density of hexagonal arranged circular microchannels by ICP to provide
mechanical stability. Then, the built-up polymer covering the nanochannels and
microchannels was cleaned, and the buried thermal oxide layer was removed in a
buffered oxide etchant (BOE) solution. Nanochannels were shrunk by growing a
layer of SiO; through wet thermal oxidation. To build the buried gate electrode, a
low-pressure chemical vapor deposition (LPCVD) step allowed the deposition of
121 nm of phosphorus-doped polysilicon (poly-Si) over the surface of the
nanochannels. A further plasma-enhanced chemical vapor deposition (PECVD)
step coated all of the wafer with a 64 nm a-SiC dielectric layer. Two contact pads
(1 x 1 mm?) were created by selective removal of a-SiC by fluorine-based RIE at
the edge of the membrane to expose the doped poly-Si. One hundred twenty total
membranes were diced into 6 x 6 mm? pieces using a dicing saw. Each membrane
presents 199 microchannels organized in a hexagonal spatial configuration. Each
microchannel is connected to 1400 identical slit nanochannels arranged in 19 rows
and 96 columns, and consequently, the membrane chip features 278600

nanochannels.

5.2.4 Planar gate electrode fabrication

A planar gate electrode was reproduced on the same type of wafer by following
the same photolithographic process. Briefly, the 4-inch p-doped SOI wafer
underwent a wet thermal oxidation step producing a layer of SiOz. Then, the gate
electrode was obtained via LCPVD deposition of 121 nm of phosphorous doped
poly-Si. The wafer was diced in half before proceeding to the coating with
dielectric. On a half wafer, a PECVD step deposited a-SiC dielectric coating, and
on the other half of the wafer, a wet thermal oxidation step produced a SiO> coating.
The contact pads for the poly-Si were created by selective removing the dielectrics
by fluorine-based RIE at the edge of the blanks. Each half-wafer hosted sixty 6 x 6

mm? blank diced via dicing saw.
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5.2.5 Electrode connection

One contact pad exposing the poly-Si was connected to an insulated high-
temperature 36 AWG wire via conductive silver epoxy (H20E, Epoxy Technology,
MA) and underwent a 1-hour curing step at 150 °C. The conductive exposed
connection was isolated with UV epoxy (OG116, Epoxy Technologies, Inc.) and

cured via UV for 2 hours.

5.2.6 Conductance, current-voltage (I-V) curves, and leakage current

Electrochemical characterization of the nanochannels was performed in a KCl
solution. The conductance was measured in a 4-electrode configuration using
different concentrations of KCI, ranging from 107 M to 10" M. A potential across
the membrane, also called the transmembrane potential (VDS), was applied using
one channel of the potentiostat (Ivium Multichannels). To monitor the
transmembrane current IDS, a staircase of 250 mV steps was applied from -1 V to
1 V in a 4-electrode configuration, and each step was held for 30 s to overcome
transient phenomena. The conductance was calculated by taking the last sample
point of each step and averaging the measured values. We repeated measurements
per membrane three times, and the complete study was performed on three
membranes. During the conductance measurements, a gate potential was not
applied.

The I-V characteristics and leakage current were evaluated in 10° M KCI and
10* M KCI. A voltage across the membrane (VDS) and a voltage on the gate
electrode of the membrane (VGS) were applied using two channels of the
potentiostat (Ivium Multichannels) to monitor the transmembrane current IDS and
the leakage current IGS in parallel. To monitor IDS, a staircase of 250 mV steps
was applied from -1 V to 1 V in a 4-electrode configuration, and each step was held
for 30 s to overcome transient phenomena. VGS was applied between the gate
electrode and two Ag/AgCl electrodes in the source reservoir facing the
nanochannel layer device in a 3-electrode configuration with a DC potential ranging

from -3 V to 3 V at a 500 mV step. IDS and IGS were measured under different
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VDS and VGS nested voltage sweeps applied to the working and reference

electrodes.

The gate leakage investigation by using physiological solution was performed in
the custom made two reservoir fixture reported in Figure 5.2. Both reservoirs were
filled with either 1xPBS, 0.1xPBS or 0.01xPBS solution. The voltage was applied
between the gate electrode (working electrode) and the two Ag/AgCl electrodes
(counter and reference electrodes) in the reservoir facing the nanochannels using an
electrochemical workstation (CH Instruments, Inc. 660E). A staircase of 250 mV
steps was applied from —3 V and +3 V. Each step was held for 30 s to allow for

stable measurement and avoid confounding effects of transient phenomena.

5.2.7 SEM, AFM, and Ellipsometry

To assess the nanofluidic membrane structure, we morphologically inspected
nanochannels by obtaining cross-sections of the nanofluidic membrane via a
gallium ion milling focused ion beam (FIB, FEI Dual-Beam 235 FIB, FEI,
Hillsboro, OR, USA). The size of the nanochannels was measured with SEM (Nova
NanoSEM 230, FEI, Hillsboro, OR, USA).

To investigate the thickness of the deposited layer, we performed ellipsometry
measurements using a J. A. Woollam M2000U ellipsometer (Lincoln, NE, USA)
on a-SiC and SiO2 blanks. To assess the roughness of the surface, we performed

topographic mapping by AFM (Bruker MultiMode Atomic Force Microscope).

5.2.8 EIS

EIS measurements were performed using blank samples with two different
dielectrics, a-SiC and SiO?. The blank was inserted in the previous fixture, for
which only the reservoir with two Ag/AgCl electrodes was used. The pressing of
the blank samples against the cell via the O-ring left 7.07 mm? exposed to the
solutions.

The measurements were performed in a 3-electrode configuration in 104 M KCL.

Impedance spectra were obtained using a 50 mV VPP amplitude AC signal over a
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frequency range from 102 Hz to 10° Hz and a DC potential scan ranging from -3 V
to 3 V, with a step of 500 mV. Mott-Schottky analysis was carried out at a 10° Hz
frequency to calculate the carrier concentrations, flat band potential, and density of

interface states.

5.3 Results and Discussion

5.3.1. Nanofluidic membrane

The final nanofluidic membrane was inspected via optical microscopy to assess
the mechanical integrity and the average size of the nanochannels measured via
nitrogen flow test[23] was estimated ~ 106 nm. The etching procedure and layer
deposition uniformity were analyzed using FIB-SEM microscopy. Figure 5.5A
displays the 6 mm x 6 mm x 0.4 mm nanofluidic membrane, highlighting the
electrode pads at the top left and bottom right edges. The membrane features 199
vertically oriented microchannels arranged in a hexagonal fashion to optimize the
membrane porosity, simultaneously preserving the structural stability. Figure 5.5B
presents an SEM image of the nanochannels densely packed in 19 rows and 96
columns for each microchannel. The nanochannel cross-section is shown in Figure
5.5C, and a detailed nanochannel cross-section with different layers is presented in
Figure 5.5D.

The image shows that the layers were deposited, achieving good thickness
uniformity despite the high aspect ratio of the nanochannels. In comparison with
our previously developed nanofluidic technologies[19,22,44,48], the nanofluidic
membrane requires a simplified photolithographic process owing to the easy
connection derived from the vertical orientation of both microchannels and
nanochannels [22,50] and features a substantially higher nanochannel number
[46,48].

Compared to other nanofluidic devices for gate control, such as AAO [123]
membranes fabricated with the gate electrode only at one end of the nanochannels,
our nanochannel membrane features an extended buried polysilicon gate electrode.
The buried electrode represents a crucial aspect that allows fine electrostatic control

by modulating the ionic conductance along the entire length of the nanochannels.
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Additionally, the streamlined structure that connects nanochannels and
microchannels permits the development of a nanofluidic membrane that features

278600 nanochannels, permitting a sustainable release rate in view of future

biomedical applications for therapeutic administration [143].
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Figure 5. 5: Image of the silicon nanofluidic membrane. A) Final diced membrane with a
size of 6 mm x 6 mm x 0.4 mm. In the photograph, the exposed contact pads of the
polysilicon electrode used for connection to the external source for the polarization
potential are indicated. B) SEM image of the highly densely packed parallel nanochannel
design. C) FIB-SEM vertical cross-section showing the membrane nanochannels. D) FIB-
SEM vertical cross-section image of the wall of a nanochannel. The layers obtained at
different stages of the photolithographic processes were color-enhanced to highlight the
native original p-Si of the device layer of the wafer (in gray), thermally grown silicon
dioxide (SiO,, ~ 175 nm, in green), poly-Si deposited by LPCVD (~121 nm, in blue), and
a-SiC deposited by PECVD (64 nm, in red).

5.3.2 EDL modulation: theoretical background and operation mode

At the nanoscale, many transport processes in liquid are dictated by the
interaction of ions with charged surfaces. Material surfaces display an electrical
charge when in contact with an aqueous medium where charged species are
dissolved. To neutralize the electrical charges present on the surface, counterions
electrostatically accumulate at the material/solution interface. Their distribution
forms a layer called the EDL. Considering the Gouy-Chapman-Stern (GCS) model,
the EDL is formed by two layers of ions. The first layer, called the compact layer,
is composed of solvent molecules and ions that are immobile and adsorbed on the

material-solution interface. The second layer positioned over the first layer is called
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the diffuse layer and consists of a mobile layer carrying a net charge within the
solution. The thickness of the EDL is related to the ionic strength of the aqueous
solution and the charge exhibited by the surface. In a nanochannel where the EDL
thickness can be comparable to at least one of its sizes, the exclusion enrichment
effect [54,55,60] and concentration polarization [144] can be observed. These
phenomena can actively alter the diffusional flow of charged species and modify
the ionic conductance in the nanochannel. Thus, modification of the surface charges
leads to a variation in the EDL thickness and, consequently, ionic conductance.
Control of the surface charge of a nanochannel can be achieved through application
of an electrostatic field to the nanochannel wall, as shown in Figure 5.6. This
phenomenon can be called electrostatic gate modulation [145]. Owing to this
phenomenon, the surface charges of the nanochannels can be customized, allowing
fine-tunable control of the ionic transport over the EDL thickness. Figure 5.6B
shows the altered EDL thickness as a consequence of the electrostatic control
applied to the nanochannel.

A

Figure 5. 6: Measurements set for I-V characteristics. A) To perform the I-V and
conductance measurements, transmembrane potential Vps is applied between the source
electrode and drain electrode in the reservoir, and gate potential Vs is applied between the
source electrode in the reservoir and the buried gate electrode of the membrane. B)
Telescopic illustration of the nanochannel wall and the buried gate electrode. C)
Application of gate potential Vgs that polarizes the surface of the nanochannel wall, leading
to alteration of the conductance of the charged species and, consequently, modulation of

the ionic current Ips.
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To investigate the features of the nanofluidic membrane, the surface charge of
the nanochannels measured by measuring the conductivity, while the gate control
performance and permselectivity variation were assessed through I[-V

measurements.

5.3.3 Ionic conductance at the floating gate

To electrically characterize the nanochannels, we first performed nanochannel
conductance measurements by applying transmembrane potential Vps ranging from
-1 V to 1 V with the gate electrode floating. Figure 5.7 shows the nanochannel
conductance as a function of KCI concentration. The conductance characteristic
presents two parts: the bulk conductance occurring when the nanochannel height
(h) is larger than the Debye length (1), with the ratio h/A » 1; the surface-dominated
conductance region occurring when h is smaller than A, with h/A ~ 1 or h/A < 1. In
the bulk conductance region, the conductivity is linearly dependent on the
electrolyte concentration. In contrast, in the surface-dominated conductance region,
the conductivity shows a plateau due to the enrichment of the counterions to
compensate and neutralize the surface charge. For this reason, the conductance only
depends on the surface charge.
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Figure 5. 7: Floating gate ionic conductance. Measured (points) and calculated (curve)
ionic conductance across the nanochannels versus the electrolyte concentration. The dashed
line represents the bulk prediction, which deviates from the experimental data in the low
ionic concentration region. The standard deviation of the measurements was calculated

based on three membranes, tested three times each.
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The transition between the two regions occurs at 10~ M, where the Debye length
is ~96 nm. Considering the conductance of the nanochannels as the superimposition
of the two contributions, the bulk conductance and the surface charge conductance,

we can apply the following formula [146]:

wh w
G = 103(ug+ + ucl—)cNAeT + Z,LLK+O'E (5.5)

where pg+ and pc;-are the ionic mobilities of K and Cl, ¢ is the molar
concentration, N, is Avogadro’s number, and w, 4, and / are the width, height, and
length of the nanochannel, respectively. Using the width and length obtained from
the morphological characterizations, we evaluated the height of the nanochannels.
By utilizing the bulk conductance formula, we obtained an average nanochannel
height of ~106 nm. The results are consistent with the obtained gas flow test
measurements [23]. Using the surface-dominated conductance formula reported in
the equation 5.5, the surface charge on the nanochannel walls was calculated to be
0.471 pCm. This result is consistent with other surface charge values for SiC [147]
and our previous studies [143,148].

The native surface charge exhibited by the a-SiC is smaller than that exhibited
by the widely used SiO2 at pH 7.4 (1-100 mCm™) [149]. This aspect provides
benefits when gate control is needed. The reason lies in the need to electrostatically
control the reaction at the interface that acts as a charge buffer. The ability to
regulate the protonation and deprotonation of reactive groups present at the
dielectric/electrolyte interface is key to generating and controlling the charge

distribution in the double layer [150].

5.3.4 I-V characteristics and leakage current

The nanofluidic membrane device has two distinguishing features: 1)
phosphorus-doped polysilicon with an excess of electron carriers as the gate
electrode and 2) low surface charge density. The first feature allows control of the
leakage currents and consequently the power dissipation of the devices. Regarding

the second aspect, exhibiting a low surface charge density environment can help
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with high-efficiency gate modulation. In fact, small changes in gate potentials can
be relatively significant in the case of very low surface charge [70,151].

To test the performance of the nanofluidic membrane, ionic current Ips vs Vps
curves were measured as a function of Vgs within the voltage range of |Vgs| <3 V
at a step of 0.5 V and |Vps| <1 V at a step of 0.25 V. To evaluate the power
consumption, we simultaneously measured the leakage current Igs vs. Vgs flowing
from the gate to source. To test the ability of the nanofluidic membrane to modify
the permselectivity of the nanochannels, measurements were performed in 10° M
KCl, the concentration at which the nanochannels present the transition between
the surface-charge-governed regime and the geometry-governed regime. Here, the
electrolyte exhibited a Debye length comparable to the nanochannel height of the
nanofluidic membrane. Moreover, the gating performance of the nanofluidic
membrane were evaluated using 10* M KCl, a concentration at which A < h. The
purpose of this investigation is to evaluate the capability of the n-doped polysilicon
electrode to manipulate the extension of the EDL in the nanochannel under the
condition of the conductance being dictated by the geometry.

Figure 5.8 shows a representation of the ionic flow when gate and
transmembrane potentials are applied. The transmembrane potential Vps influences
the direction of the ions in the nanochannels. The application of Vps < 0 V directs
potassium ions K to the drain electrode and negative chloride ions Cl to the source
electrode, whereas Vps > 0 V conveys K to the source and CI" to the drain. Some
of the ions in the nanochannels are partially involved in the formation of the EDL
depending on the polarization potential applied to the gate electrode and
consequently the exposed surface charge. The negative charge of the nanochannel
wall and the n-doping profile of the polysilicon strongly influence the ionic
transport in the nanochannel since it exhibits an excess of negative carriers (i.e.,
electrons in the polysilicon) that attract a majority of positive ions to the
nanochannel wall. As a consequence, the ionic transport in the nanochannels and
thus the conductance and leakage currents are strongly influenced.

Upon application of polarization potential Vgs, the charged ionic species are
electrostatically attracted to the nanochannel wall and participate in forming the
EDL. Vgs < 0 V attracts positive K™ to the nanochannel wall, creating a positively

charged EDL. As a consequence, the number of positive ions K in the nanochannel
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increases (Figure 5.8 A and B), and negative ions Cl are repelled. In contrast, Vgs
> 0 V attracts CI" ions to the nanochannel wall, creating a negative EDL and

repelling K™ (Figure 5.8C and D).

A . Vg5<0 wK B V<0

e S - Y 2 - v e

©

i -

-.. e e T —— - - - e - _"‘ -
Source'. - - -« * <= *..° Drain -_— ..
.,':"_":::_- ‘: : :-¢‘-: --- .‘ "‘ "_4:‘_,-'-::"-. ‘: : ---- v: -- _- _-‘
V<0 V>0
C VGS>0 D VGS>O

- v e b B N G v - LTI, 5SRO )

- - =
i e o - " "u-'--" Gl G R e e L

= - -
Y vy P e ww T e e ¥ g W o v oy -y ¥

V<0 V

DS

Figure 5. 8: lonic current Ips when gate potential Vgs and transmembrane potential Vps
are applied. Blue points represent Cl™ ions, while red points represent K" ions. Vps <0 V
attracts positive potassium ions K+ to the drain electrode, whereas Vps > 0 V attracts
negative chloride ions Cl" to the source electrode. Vgs > 0 V draws Cl" to the nanochannel
wall, creating a negatively charged EDL. Consequently, the number of negative ions in the
nanochannel increases, and positive ions K™ are repelled. Vgs < 0 V attracts K* to the

nanochannel walls, leading to an increased number of K and a decreased number of CI".

The experimentally measured Ips-Vps characteristics and leakage current Igs-
Vs in 10° M KCl and 10* M KCI are presented in Figure 5.9. The nanochannel
membrane shows a unipolar behavior with a shallow surface charge density due to
the a-SiC layer and the gate electrode, the so-called all-around-gate structure.
Figure 5.9A and C show Ips for 10> M KCl and 10"* M KClI, respectively. At higher
KCI concentrations, higher ionic current values were obtained. When Vgs =0V,
the ionic current shows a linear ohmic relationship between Ips and Vps. The same
ionic current is expected for both coions and counterions, independent of the drain

and source electrode, because potassium and chloride have similar mobilities in a
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liquid (76.2*1077 m?/sV for K* and 79.1*107 m?/sV for CI') [152]. Upon applying
the gate voltage, the ionic conductance can vary based on the polarity of the ions in

the bulk.

In solid-state electronics such as FET devices, the electronic current depends on
the gate voltage and the doping of the device, and the nanofluidic membrane
exhibits behavior comparable to that of a p-type junction FET (JFET), where upon
application of a positive gate voltage, the electronic current decreases. Application
of Vgs > 0 V leads to reductions in the ionic conductance and Ips over the range
[Vps| < 1 V. In contrast, application of Vgs <0 V leads to two different scenarios
based on the polarity of Vps. For both concentrations 10° M and 10* M KCl, a
negative transmembrane potential Vps < 0 V causes increases in the ionic current
and conductance in the nanochannels, whereas a positive transmembrane potential
Vps > 0 V generates decreases in the ionic current and conductance in the case of
10° M KClI and a slight effect on the transmembrane current Ips and conductance

in the case of 10 M KCI.

To explain the ionic transmembrane current behavior, one can refer to
conduction mechanisms in an aqueous solution. The recombination process
between the high number of electrons in the polysilicon and the ions in the aqueous
solution [153,154] could be responsible for the different responses of the
nanochannels. Additionally, we need to consider that a-SiC can act as an amorphous
n-doped semiconductor [155]. Regarding this last aspect, the polarization potential
Vs can strongly influence the conduction mechanism in the dielectric a-SiC. Due
to its nature, a-SiC favors recombination of electrons with positive ionic species.
Realistically, in the case of Vgs <0V, some of the positive charges electrostatically
attracted to the nanochannel wall could be involved in the conduction mechanism,
and consequently, the thickness of the EDL could be reduced since the species
return to their electroneutral state [153,154]. Upon application of Vps <0 V, many
positive ions are attracted into the nanochannels, increasing Ips and the
conductivity. In contrast, Vps > 0 V drives negative charges into the nanochannels
that are repelled by the application of a negative polarization potential. In the case

of Vgs > 0V, the negative ions Cl- attracted to the nanochannel wall are negligibly
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involved in the conduction mechanism. Higher values of Vgs induce the EDL to
extend in the nanochannels, leading to reduced Ips and conductance. Considering
the Ips in 10* M KCl for Vps = 1 V, Vgs =3 V causes Ips to decrease from 600 nA
to 129 nA, corresponding to a promising reduction of 78.5% in the ionic
transmembrane flow. Additionally, it can be observed that for values of Vgs in the
range of 1.5 V to 3 V, Ips exhibits a slight reduction. This phenomenon can be
associated with the electron depletion region formed at the polysilicon-dielectric
interface. In fact, for a positive polarization potential, the electrostatic attraction of
negative ions to the dielectric interface is achieved by the lack of electrons at the
polysilicon-dielectric interface. This lack produces an electron depletion region,
where positive electronic carriers (called holes) are responsible for electrostatic
control of the EDL. Since the polysilicon is doped with an excess of electrons, holes
are numerically inferior in the depletion region. Therefore, the positive electrostatic
charge that can be modulated in the depletion region is lower than the negative
charge originating from negative Vgs. As a consequence, the EDL cannot be

exceedingly extended.

The n-doping of the polysilicon and the behavior of the a-SiC as a negative
amorphous semiconductor are responsible for the asymmetric leakage currents
presented in Figure 5.9B and D. In fact, these two aspects strongly influence the
conduction mechanism upon voltage application, working in favor of the
conduction mechanism for negative gate potential Vgs and against it for positive

gate potential Vgs. Further details will be presented in the next section.

85




Electrochemical characterization of the nanofluidic membrane
as homogeneous IFET nanochannels

A 03 B 15,
0.2 VDS i RRY
0.1 1.0 . VDS_OV
| = oar V. =1V
% 0.0 o — PR s ] . 0.5
3, [ e sl Ve =-3V <_t. .
\_é o *-V =-15V C‘:'r 0.0 e N S
— -0.2- eV =0V 3
-0.3 e Vg =15V -0.54
. Vgg =3V
-0.4 1ol

f 3 2 10 1
Voo (V
s V) 10° MKCl VesV)

C 0.3, D 15,
0.2 .‘:_,,‘ o . Vos =1V
0.14 e 01 % VDS:OV
o pee® ] \\ Vo =1V
— 0.0 g ~ 05
< e o g ..
"3'0-"’ P V=15V =, 0.0 T
= -0.2 :’:"'.’ e V=0V - e
-0.31 TV m 10V 03]
V=3V
041 . ‘ : : a0
10 05 00 05 1.0 B3 2 1.0 1 2 3

Vos V) 104 M KCI Ves V)

Figure 5. 9: I-V (Ips vs Vps) ionic transfer characteristics and leakage current (Igs vs Vgs)
characteristics of the nanofluidic membrane measured for 10° M KCl and 10* M KCI. A)
Ips vs Vps measured for 10° M KCl. B) Igs vs Vgs measured for 10° M KCI. C) Ips vs Vps
measured for 10* M KCI. D) Igs vs Vs measured for 10* M KCI.

Figure 5.10 shows the nanochannel conductance for 104 M KCl as the ratio of
the conductance modulated by the application of Vgs and the conductance at the
floating gate at Vps = -1 V and Vps = 1 V. The graph indicates that for VDS = -1
V, the conductance is enhanced for Vgs < 0 V and reduced for Vgs > 0 V. In the
case of Vps =1 V, Vgs <0 V does not significantly influence the conductance in
the nanochannels, while Vgs > 0 V causes a significant reduction in the normalized
conductance. Additionally, the conductance exhibited at Vgs = 3 V is barely
reduced compared to the conductance calculated at Vgs = 1.5 V. This finding is in
agreement with previously described ionic transport phenomena occurring in the

nanochannels.
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Figure 5. 10: Normalized conductance for 10* M KCI, defined as the ratio of the
conductance after application of the gate voltage to the conductance measured with a

floating gate for Vps =-1 Vand Vps=1 V.

5.3.5 Power consumption in KCl

Leakage currents allow estimation of the power consumption (Pgiss) of the
nanofluidic membrane. The worst working conditions are created when Igs exhibits
higher values in the range of applied gate potential of -3 V to 3 V. Referring to
10~*M KCl, higher values of Igs are shown for Vgs==+3 V and Ips = 0 V. In these
cases, the power consumption (Pgiss) results in Pgiss = 4.2 puW for Vgs = -3 V and
Pagiss = 1.74 uW for Vgs = 3 V. By applying Vps, Paiss for Vgs =3 V can be reduced
by approximately 22%, and in the case of Vgs = -3 V, the power consumption can
be reduced by 87%. Compared with previous work, the power consumption was
reduced by one order of magnitude [143]. This can be related to the fact that the
ionic strength of the solution used for this measurement is 1.37 times lower than the
1onic strength of the solution used for our previous study [143].

An advantageous aspect of having asymmetric leakage currents lies in reducing
the power consumption. In fact, we meet the need to reduce the ionic conductance
by modulating the EDL extension in the nanochannel with the application of Vgs >
0 V. Under this condition, the considerable performance of the nanofluidic

membrane is associated with low power consumption.
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The investigation of the capability of the nanofluidic membrane to
electrostatically modulate the conductance and ionic transport in the nanochannel
geometry-dictated regime can lay the groundwork to use biocompatible nanofluidic
membranes in reservoir-based implants. In such devices, the highly concentrated
drug in the reservoir is released at a rate established by the geometrical dimensions
of the nanochannels [22,26,30,37]. In view of future manipulation of charged drug
molecules, evaluation of the electrostatic control of ionic species exhibiting a
Debye length A almost one-third of the nanochannel height can provide a

demonstration of the performance of the nanofluidic membrane.

5.3.6 Leakage current in PBS

Furthermore, the performance of a-SiC were investigated in PBS solution. The
leakage currents was measured and compared with the gate leakage current in an
equivalent chip with a SiO; insulator layer instead of a-SiC, since SiO; and in
general metal oxides represent the standard for gate dielectrics in solid
electronics[156]. However, lack of durability and reliability of SiO; in aqueous
environment leads to the adoption of alternative materials such as a-SiC. As the
leakage current is affected by the ionic strength of the solution[157], the leakage
currents was analyzed for both SiO> reported in Figure 5.11A and a-SiC reported
in Figure 5.11B at three different ionic strengths[143].
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Figure 5. 11: Gate leakage current. Gate leakage current at different solution

concentrations for A) SiO2 dielectric layer A) and B) a-SiC dielectric layer.

88




Electrochemical characterization of the nanofluidic membrane
as homogeneous IFET nanochannels

The results clearly show a linear dependence of the leakage current on the ionic
strength of solution for both dielectric materials, hinting that the origin of this
phenomena lies on the ionic charges in solution. As opposed to solid electronics
where SiO; and a-SiC have high intrinsic breakdown voltages, ~15 MV cm™! [158]
and ~2 MV cm![83] respectively, the leakage currents measured exhibited values
in the order of pA for 0.5 MV cm™!. These findings are related to the ‘non-ideality’
of the insulating materials as the presence of defects and irregularities both in the
oxide layer or at the Si—SiO; interface can increase the current flow at low electric
fields[158]. Although this phenomena has been investigated for more than 50 years,
several aspects of the time-dependent dielectric breakdown are not yet fully
understood, especially in the presence of aqueous solutions[158]. The most
accepted theory (percolation model) postulates that with the application of an
external electric field, electrons are injected and trapped into the oxide. There they
can create clusters that, when within tunneling distance, create percolating paths
(known also as conductive filaments)[159]. These lead to increased currents trough
the insulating films[160]. In aqueous solutions, formation of defects can be
accelerated by the migration of protons in the insulating material[161] where the
dissolution of a percolating path can create nanometric pores[162]. Therefore, high
ionic strength of solution results in a high probability of the defect formation and
thus high leakage currents. Interestingly, the current for negative applied voltages

1s significantly higher than the respective positive voltages especially for a-SiC.

As previously illustrated, this asymmetry can be due to the doping of the
polysilicon. Moreover, depending on the gate voltage, the mechanism of formation
of conductive filaments inside the dielectric material can be more o less noticeable.
Also, in case of PBS, the negative voltage, and consequently, the electric field pulls
protons from the solution to the solid interface. Protons travel through the insulator
and can interact with electrons when they reach the dielectric/poly-Si interface. This
mechanism promotes the formation of a conductive filament in the insulating
material, resulting in high currents. Conversely, a positive voltage, pushes the
protons toward the solution, resulting in the breaking of eventual conductive

filaments already present significantly lowering leakage currents. Both dielectrics
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seem to be affected by these phenomena. However, in aqueous environment a-SiC

has the advantage of being more stable[143].

5.3.7 Power Consumption and Electrostatic gating energy efficiency in PBS

Power consumption was measured and the value ranged from 1.5 pW to 45 pW,
and it was depended on the applied voltage. Accordingly, commercially available
and implant compatible 200 mA h batteries could support implant autonomy from
6 months to a few years, depending on the schedule of applied voltages. Compared
to previous works[19,50], the power consumption was reduce power consumption
by almost one order of magnitude. This was achieved by adopting electrostatic
gating as opposed to electrophoresis or ionic concentration polarization, which were
associated with substantially higher currents. In electrostatic gating, the energy
consumption is determined by leakage currents through the dielectric film. Despite
the fact that materials exhibiting high-k dielectrics constant can achieve very low
leakage currents, they lack in biocompatibility and bio inertness. The use of the bio
inert a-SiC demonstrated to achieved power consumption comparable to previously

developed gating devices[48,123].

5.3.8 Leakage current and Cyclic voltammetry

Further investigation regarding the leakage currents in PBS were performed by
using cyclic voltammetry, and it was compared to a SiO> coated device[148]. The
measurements did not show substantial differences between SiO, and a-SiC, except
for 3V, as reported in Figure 5.12. However, the steep increase in leakage observed
for a-SiC between 2 and 3 V, emphasized by the electrolytic solution environment,
highlight that the amorphous silicon carbide can act as a semiconductor, while the
silicon dioxide is exhibiting an insulating behavior associated with the lower

current[158].
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Figure 5. 12: Leakage current and cyclic voltammetry in PBS. A) Comparison of gate
leakage current for SiO, and a-SiC dielectric. B) Cyclic voltammetry comparison between

Si0; and SiC.

In the voltage range between —2 and 2 V, SiC and SiO; exhibited similar values
of leakage currents. Thus, cyclic voltammetry (CV) was performed to closer
investigate differences. As compared to SiOz-coated membranes, lower currents
were measured for SiC at each applied voltage (Figure 5.12B). Interestingly, the
non-linear proportional relationship between voltage and current for both materials
was observe. a-SiC exhibited a steep increase in current for voltages higher than 1
V in absolute value. This suggested that for small applied voltages, no faradaic
currents occurred, and the material behaved almost as an ideal capacitor. For
voltages above = 1 V, electrochemical reactions between the surface groups (SiO")
and reactive species in the electrolyte solution (C1-, HO™ led to increased currents.
In contrast, the significant current increase observed for the leakage currents
(Figure 5.12A) for voltages over 2 V was likely related to material deterioration and
conductive filament formation. The asymmetry between results obtained with
positive and negative voltages provided further support for this theory. Higher
currents for negative applied voltages were observed in both measurements. For
negative voltages, positive species were attracted to the surface. The percolation
model suggests that in the presence of strong electrostatic attraction, protons can
diffuse in the insulator, starting a percolating path that can lead to the formation of
a conductive filament[159]. Instead, for positive potentials, proton repulsion may
cause a reversible interruption of the conductive filament, effectively decreasing
leakage[163]. Additionally, the difference in hysteresis between the two CV
profiles (Figure 5.12B) was suggesting a differences in surface charge accumulation

between the two materials. A thinner CV profile usually correlates with low charge
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accumulation. Collectively, the results showed that a-SiC suffered lower leakage
currents in the —2 V to 2 V range, exhibiting a lower charge accumulation. this can
be associated with semiconductive behavior of the a-SiC, that allow the charges to

be removed from the a-SiC bulk material, avoiding the storage into it.

5.3.9 EIS Investigation on polysilicon electrode using a blank device

To further investigate the physics of the nanofluidic membrane by deeping the
phenomena that can originate the I-V gating performances, the gate electrode
interface was immersed in 10* M KCI aqueous solution. To do so, the dielectric-
polysilicon heterojunction was reproduced on a blank device, and EIS
measurements were performed. The same investigation was conducted on blanks
with SiO», comparing the dielectric performances. Measurements were performed
in a frequency range from 102 Hz to 10° Hz by applying D.C. polarization potentials
to the gate electrode from -3 V to 3 V at a step of 0.5 V. These bias conditions hold
the structure at an operating bias point such that the behavior of the structure is
fairly linear over a small range of voltages around the bias point. First, the transport
properties associated with the heterojunction immersed in KCI were determined and
associated a small-signal LTI electric circuit and the transfer function. The transfer
function represents an essential aspect of designing electronic control customized
based on physical phenomena between solids and electrolytes. Then, the flat band
potential Vg, was calculated by using the Mott-Schottky plot. Compared with the
S102, the a-SiC exhibits a lower Vi, which is favorable for easily manipulating the
surface charge. Then, the density of states Dit was calculated. These are “defects”
that can be responsible for a higher leakage current and can be associated with the

chemical process used to fabricate the dielectric/polysilicon interface.

5.3.10 Ellipsometry and AFM

The thickness of the deposited layers of the blank samples was assessed via
ellipsometric measurements. Measurements related to a-SiC are presented in Figure
5.13A. The polysilicon layer in both cases was measured to be ~ 121 nm + 15 nm,
the a-SiC layer was measure to be ~ 64 nm + 10 nm, and the SiO> was measured to

be ~ 66 nm = 13 nm. Morphological evaluation of the surface of the dielectric
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coating was performed via AFM investigation. Measurements were performed at
three different spots and averaged. Figure 5.13B shows a 50 ym x 50 pum AFM
topographic map for an a-SiC blank device. The surface roughness was 22.9 nm +
4.7 nm for a-SiC and 14.5 nm £ 3.9 nm for SiO,. The higher surface roughness
measured for a-SiC blank devices can be associated with the pump-down vacuum
phase verifiable during the fabrication process. During PECVD, the debris lying on
the surface of the chamber could be redistributed on the sample surface by turbulent

flows generated during the process.
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Figure 5. 13: Ellipsometric and AFM measurements. A) Ellipsometric measurement on

blank a-SiC blank sample. B) 3D topographical map of 10 pm x 10 um a-SiC blank sample.

Band diagram theory. When immersed in an aqueous solution, the blanks and the
solution form a system that is organized into three layers and two interfaces: the
first layer corresponds to the semiconductor n-polysilicon, which represents the
buried electrode, the second layer corresponds to the dielectric coating, a-SiC or
Si02, and the third layer corresponds to the aqueous solution, as shown in Figure
5.14A. This is very similar to the solid-state MOS capacitor device composed of a
metal layer, a dielectric layer, and a polysilicon layer. Here, the metal layer is
replaced by the conductive electrolyte solution KCI, and the gate voltage is applied
to the polysilicon. To explain how the polarization potential influences the carriers
in the polysilicon, one can refer to band theory. Application of a polarization
potential puts the blank into one of three states: accumulation, flat band condition,
and inversion, as illustrated in the band diagram presented in Figure 5.14B. When
no polarization potential is applied with Vgs = 0 V, the Fermi level Er in the

polysilicon is pinned close to the conduction band Ec due to the nature of the
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phosphorus donors. Notably, there is no Fermi level in the solution in contact with
the dielectric since there is no redox couple in it. Applying a negative polarization
potential Vgs <0 V to the electrode causes electron accumulation at the dielectric-
semiconductor interface. The band bending presents a downward curvature and a
thin layer, typically a few angstroms, of high electron concentration. This
phenomenon leads to positive ions accumulating at the dielectric-electrolyte
interface. Applying a positive polarization bias (Vgs > 0) to the gate electrode
causes a region depleted of electrons called the depletion zone to be formed. Here,
the majority of carriers are holes, which are the native charges of the semiconductor,
and the band bending presents an upward curvature. Mainly, in both cases, band
bending occurs in the semiconductor, and a small part of it occurs at the double
layer. Although the chemical potential in the dielectric and electrolyte cannot be
well defined, the electrostatic potential drop can be determined [164]. For a
capacitor, V= q/C, the potential drop across the EDL is smaller than the potential
drop across the dielectric (CepL > Csp). According to the theory of solid-state
semiconductor devices such as MOS capacitors [55], in the accumulation region,
the capacitance increases due to the high number of electrons. Meanwhile, in the
depletion region, the lack of electrons causes the capacitance to decrease until its

value becomes almost constant.
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Figure 5. 14: Blank setup measurements. A) Blank sample immersed in the KCl
electrolyte. B) Band diagram of a layered structure composed of the semiconductor poly-
Si, a dielectric, and an electrolyte. Accumulation for Vgs < 0, flat band for Vs =0 V, and
depletion for Vgs > 0 V. C) Equivalent circuit used to fit the impedance data. Ry is the
electrolyte resistance, Rsp and Csp are the resistance and the capacitance associated with
the dielectric coating, Rer is the charge transfer resistance, and Cgpr is the Helmholtz

capacitance due to the EDL.
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Schematic circuit. An equivalent LTI model for the buried electrodes was proposed
and is shown in Figure 5.14C. The equivalent circuit includes a combination of
resistances (R) and capacitors (C). For interpretation of the results, the fact that the
resistance is a parameter strongly related to the carrier transport properties must be
considered, and at the same time, the capacitance is linked to the carriers. The
circuit is composed of the following elements: Rum represents the resistance of the
electrochemical solution 10* M KCI. The first parallel part is associated with the
electrolyte-dielectric interface, and it is composed of Cgpr, the capacitance
associated with the EDL, and Rcr, the charge transfer resistance associated with the
charge transfer through the dielectric coating. The second parallel part is associated
with the dielectric-semiconductor interface, and it is composed of Csp, the
capacitance associated with the semiconductor interface state capacitance, and Rsp,
the resistance associated with the semiconductor interface state resistance.

The nonideality of the interfaces was considered, taking into account the
nonconstant thickness of the deposited layers (polysilicon layer ~ 121 nm + 15 nm,
a-SiC layer ~ 64 nm + 10 nm, and Si10O: layer ~ 66 nm + 13 nm) and the experimental
roughness (a-SiC layer ~ 22.9 nm + 4.7 nm and SiO; layer ~ 14.5 nm + 3.9 nm)
measured as reported in Section 5.3.10 due to the deposition process and chemical
defects that can be present in both the semiconductor polysilicon and dielectric

layers [67—70]. For this reason, it is possible to us a constant phase element to relate

1

20 where Q; 1s the constant
i

to the i-th capacitance via the relationship Zpg; =

associated with the constant phase element, and n; is the empirical exponent
measuring the distortion from the ideal impedance components. The constant phase
element can be considered a capacitance when the value of n; satisfies 0.5 <n < 1.
Figure 5.15 shows the Rct, Rsp, QepL, and Qsp for both 64 nm a-SiC and 64 nm
Si10;. The resistance associated with the electrolyte solution Rm was estimated from
the Nyquist plot and was found to be ~100 Q in all measurements. Values were
obtained by fitting the measured data with the circuit model shown in Figure 5.14C.
Compared to the case without application of a polarization potential, both
dielectrics SiC and SiO: exhibit the same trend. Negative values of polarization
potential Vgs < 0 V cause Rct and Rsp to decrease, while QeprL and Qsp increase.
For positive polarization potential Vgs > 0 V, the opposite trend for Ret, Rsp, Qepr,

and Qsp can be observed. We associated this behavior with the accumulation or
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depletion of electrons at the dielectric-polysilicon interface, as previously
illustrated. According to band diagram theory, as previously reported, in the
accumulation state occurring for Vgs < 0 V, the high number of electrons at the
polysilicon-dielectric interface leads to a higher availability of electrons that can
participate in the transfer process from the polysilicon to the aqueous solution
through the dielectric, leading to a decrease in resistances associated with the
interfaces (Figure 5.15A and B). At the same time, this phenomenon increases the
capacitance at the polysilicon-dielectric interface and consequently increases the
capacitance of the EDL at the dielectric-electrolyte interface (Figure 5.15C and D).
Analogously, in the depletion state, electron carriers are depleted. This phenomenon
leads to increases in the interface resistances and decreases in the capacitances
associated with both interfaces, polysilicon-dielectric and dielectric-electrolyte,

with respect to the case of no polarization potential applied.
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Figure 5. 15: Comparison between the fitted values for a-SiC and SiO;. A) Rcr charge
transfer resistance; B) Rsp resistance of the polysilicon; C) Qepr constant phase element
and its ngpr factor associated with the EDL; D) Qsp constant phase element and its ngp

factor associated with the polysilicon.
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Compared with SiO; at Vgs = 0 V, the a-SiC dielectric shows an Rct hundreds
of times smaller. By applying a polarization potential, considering the entire range
of -3 Vto 3V, the Rct for SiC maintains the trend, and it remains between tens and
hundreds of times smaller than the Rct for Si0,. Analogously, the a-SiC Rps is tens
of times smaller than that of SiO». Regarding the constant phase elements associated
with the two electrolyte/dielectric and dielectric/semiconductor interfaces, ngpr and
nsp are in the range of 0.7 to 1. This fact confirms that the constant phase element
acts as a capacitance. The Qgpr values exhibited by a-SiC are 1.5 to 8 times larger
than those for SiO». Very similar, the Qsp values of a-SiC are 0.8 to 3.1 times larger
than those of SiO». These differences were associated with the fact that SiO> is an
insulator, while a-SiC can be considered an amorphous semiconductor material. In
amorphous materials, there are free immobilized electrons in the disordered
network [165]. Their presence provides stored charges that increase the capacitance
associated with these materials.

The corresponding relaxation times for the two interfaces can be determined as
TEDL=(QppLRer)™EPL AN Tps—(gpsrps)mps- These quantities correspond to the
amount of time needed for polysilicon and the dielectric to reach equilibrium. They
are related to the charge transfer phenomena and to the recombination lifetime of
the carriers. Specifically, for a-SiC, tzp, is between 3 ms and 1.8 s, while in the
case of SiOy, tgp; 1s between 50 ms and 30 s, where the maximum values are
measured at Vgs = 0 V. These values are in agreement with the theoretical
explanation of amorphous semiconductor and insulator materials [166,167].
Regarding the recombination lifetime 75, a-SiC exhibits values between 8.9 ps and
12 ps, while SiO; exhibits values between 38 ps and 43 ps. The measured values
are in agreement with other values measured for polycrystalline silicon [168].

The total impedance exhibited by the buried electrode immersed in the ionic
solution associated with the fitting electrical circuit (Figure 5.14C) can be written

as

Z=RM+(L+ ! >_1+(i+ ! >_1. (5.6)

Rer ZcPEgpL Rps  Zcpepg

The real and imaginary parts of the impedance can be separated and written as
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n Vs
RCT(1+RCTQEDLa)nEDL COSE‘ZA)

RelZ| =R, +
[ ] M 1+2RcrQEpLw"EDL COS@_F(RCTQEDL(U”EDL)Z
(5.7)
n nspm
Rsp(1+RspQsp@™sD cos™SL™)
ngptm
14+2RspQspw™SD cos SzD +(RspQspw™sD)2’
Im[Z] R(ZJTQEDLwnEDLSinnEZLLn
m =
1+2RcrQEpLW™EDL CosnEzﬂ-l_(RCTQEDLwnEDL)Z
(5.8)

2 nspT
R5pQspw™SD cos—=;

n 3 .
1+2RspQsp@™SD cos—2—+(RspQsp®™SD)?

High frequency. The flat band potential is determined from the polysilicon-
dielectric interface, and it is associated with the change in the working state of the
electrode. Electrical transport properties such as the current flow through the
dielectric are associated with the charge “trap” sites at the polysilicon-dielectric
interface. These sites are responsible for capturing electrons from polysilicon,
generating an electron depletion region in polysilicon and increasing the availability
of electrons that can participate in the transfer processes with the electrolyte [169].
To understand the amount of charges available to participate in the conduction
transfer process, the resistance and capacitance were analyzed at 10° Hz. The
chosen frequency corresponds to a short time scale that prevents filling and
unfilling of the surface states and, consequently, building up of the double-layer
capacitance. For this reason, the circuitry can be simplified as a single capacitor and
a single resistor in parallel [164]. The capacitance-voltage (C-V) (Figure 5.16A)
and conductance-voltage (G-V) (Figure 5.16B) values were used to determine the
flat band potential, the number of donors, and the interface trap density.

The capacitance, C, and the conductance, G, were evaluated using the

relationships

B Re[Z]
"~ Re[Z]? + Im[Z]?

(5.9)

and
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. —-Im|Z]
T w(Re[Z]2+Im[Z]2)’

(5.10)

at 10° Hz. Im/Z] and Re[Z] are the real and imaginary parts of the impedance Z,
respectively. The conductance and capacitance results (Figure 5.16) confirm that in
the accumulation state, the high number of carriers favors higher C and G values,

while in the depletion state, the lack of carriers leads to lower C and G values.
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Figure 5. 16: C-V and G-V data plots. A) Capacitance-voltage (C-V) and B) conductance-
voltage (G-V) data at a high frequency of 10° Hz evaluated on blank devices.

To determine the flat band voltage Vf;, and the number of donors Np, it was used
the Mott-Schottky plot presented in Figure 5.17A for the polarization potential bias
window of -3 V to 3 V. According to Mott-Schottky theory, the capacitance and

potential are related by the equation

i=;([/_vfb—ki+T), (5.11)

C%2  ggyA2eNp

where C is the interfacial capacitance, A is the area exposed to the electrolyte, Np
is the number of donors or carrier concentration, V is the applied voltage, V¢, is the
flat band potential, kp is the Boltzmann’s constant, T is the absolute temperature,
and e is the electronic charge.

The carrier concentration Np and V¢, were evaluated by taking the horizontal
intercept of the 1/C? versus V plot [169]. We estimated Vep ~-0.23 'V for 64 nm a-
SiC and Vfp, ~- 0.70 V for 64 nm SiO». The number of donors was evaluated to be
Np ~ 2.8%10" ¢m™ for a-SiC and Np ~ 5.67.8*%10' ¢cm™ for SiO,. The flat band
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voltage Vp, indicates the potential needed to neutralize the surface potential at the
dielectric/electrolyte interface. The Vg of the a-SiC blank is lower than that
estimated for SiO». As a consequence, the surface charge exhibited by the a-SiC is
lower than that exhibited by the SiO;, confirming the previous results of a low
surface charge exhibited by a-SiC in section 3.4. This result represents a positive
aspect since a positive surface potential can be switched to a negative surface
potential by applying a low potential to the polysilicon. Regarding the number of
donors, the slight difference found between a-SiC and SiO» could be due to the
roughness of the surface area (reported in Section 5.3.3) exposed to the electrolyte.

The density of interface states, shown in Figure 5.17B, was extracted for a-SiC
and SiO; from the G-V [170] data in the depletion [164] state using the equation
[171]

ewTt

G
o~ Teo® 512
where T represents the recombination lifetime, evaluable as the product of the
measured charge transfer resistance R and the dielectric/polysilicon capacitance

Csp at the interface, T = Ry Csp.
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Figure 5. 17: Flat band potential and density of states evaluation. A) Mott-Schottky plot
for a-SiC and SiO». Flat band potential evaluation for a-SiC and SiO; electrodes in 104 M
KCI. B) Extracted density of interface states for a-SiC and SiO».

The density of states indicates the general distribution of the electronic states in
terms of energy. It is helpful for understating the conductivity and electrical

transport phenomena at the interfaces. The Dit calculated for a-SiC and that for
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Si0; exhibit similar trends (Figure 5.17B), and the values are low compared with
other previously conducted studies [172]. The reason lies in the low ionic strength
of the electrolyte used.

To evaluate the charge involved in the electrical transport mechanism, one can

use the formula [173]

Qic = — €DV (5.13)

where e is the electron charge and V is the applied potential. The interface charge
density values in the depletion state range from -1.6*¥10° e cm™ to -3.56*10° e cm”
2, SiO2 shows Q;; values slightly higher in the range of -2.18*10° e cm™ to -3.28*10°
e cm™. Due to the direct relationship with the density of states previously evaluated,
the charges involved in the transport phenomena are few because of the

corresponding low availability of charged ionic species in the electrolytic solution.

5.4 Conclusion

This chapter demonstrated the ability of a nanofluidic membrane to
electrostatically control charged ions in a monovalent aqueous KCI solution
through the application of a potential to the embedded electrode. The DC gating
behavior of the nanochannel membrane was initially investigated through the I-V
characteristics using 10> M KCI, which exhibits A comparable to the nanochannel
height. Furthermore, gating performances were investigated in the geometry-
dictated regime using 10* M KCI. Depending on the polarity of the polarization
potential Vgs, the formed EDL favors or hinders ionic transport in the
nanochannels. Considering a concentration of 10* M KCI, at Vps = -1 V, the
nanochannel conductance was enhanced by 1.5 times for Vgs = -3 V and reduced
to 0.8 times for Vgs = 3 V with a low power consumption ranging from 1.74 pW to
4.2 uW. Additionally, leakage currents were evaluated in different concentration of
PBS solution. The power consumption was estimated between 1.5 uW to 45 uW.
This investigation demonstrated that the nanofluidic membrane can noticeably
control ionic species exhibiting a A that is one-third of the nanochannel height, thus

in a geometry-dictated regime. The proven performances could be very useful in
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reservoir-based implantable devices, where the drug molecules could exhibit a A
smaller than the nanochannel dimensions due to the high concentration in the drug
reservoirs. In this case, the molecules would be transported in the nanochannels in

a geometry-dictated regime.

AC electrochemical properties were determined using EIS. By using band
diagram theory and associating an LTI electrical circuit with the gated electrode,
electrical transport phenomena at the dielectric-electrolyte interface were
investigated. The investigation of electrical transport phenomena at the dielectric-
electrolyte interface demonstrated that phosphorus-doped polysilicon favors the
leakage current for a negative polarization potential due to the accumulation of
electrons at the polysilicon-dielectric interface. Further studies need to be
conducted to investigate the behavior of the nanochannel membrane when using a
p-doped semiconductor electrode. In this case, the acceptor mobility is typically
lower in a p-type semiconductor than the donor mobility in the n-type

semiconductor, which would reduce the leakage current.
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Chapter 6

In-vitro release of drugs

Abstract

The new method of molecular release control of the charged particle was
developed and characterized with experimental measurements. Measurements were
performed by application of the gate potential to the polysilicon electrode, without

application of bias transmembrane potential.

The solid-state nanofluidic membrane was investigated by its transport
properties. Five molecules were selected as proof of reproducible and repeatable in
vitro release modulation: a small fluorophore (Alexa Fluor 647), a large polymer
poly(sodium 4-styrenesulfonate), a medically relevant agent (DNA), multi-
functional nanoparticles with applicability from bio-labeling to targeted drug
delivery (quantum dots), and a first-line therapeutic approach for rheumatoid

arthritis (methotrexate).
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6.1 Introduction

6.1.1 Ultraviolet-visible (UV-Vis) Spectroscopy

Ultraviolet-visible (UV-Vis) spectroscopy is a technique that measures the
absorbance spectra of a compound in a solution or a solid. The measurements
provide the light energy or electromagnetic radiation of the compound in a solution
or in a solid through the absorbance. The electrons of the observed compound are
excited by the incident light emitted at a specific wavelength, and they move from
the ground state to the first singlet excited state. Usually, the energy wavelengths
range from 1.5 eV to 6.2 eV, corresponding to 800 nm to 200 nm. The equation that
describes the absorbance phenomenon is the Beer-Lambert Law, and it governs the
principle behind the absorbance spectroscopy. Considering a single wavelength, the

formula can be written in the form:

A = ¢ebc (6.1)

where A is the absorbance, usually indicated unitless, or alternatively as absorbance
units or arbitrary units, & (M'ecm™) is the molar absorptivity of the compound or
molecules in solution, b (cm™) is the length path o the holder, usually corresponding
to a cuvette, and ¢ (M) is the solution concentration. The UV-Vis instruments are
provided with a light source (usually a deuterium or tungsten lamp), a sample
holder, and a detector.

Information deducible from UV-Vis spectroscopic measurements provides
qualitative and quantitative information of the diluted compound or molecules. To
start the measures, irrespective of which information is required, the use of a
reference cell fulfilled with only the solvent is necessary to set the starting level or
zero level. For the informative quantitative data on the compound, it is required to
calibrate the instrument using a known concentration of the mixture under
measurement prepared in the same solvent employed for the unknown sample
concentration under measurements. For qualitative information regarding the
validation of the presence of the compound in the solution, the calibration curve is
not required. Despite that, if the measurements are about an over-time study, such

as degradation study, or reaction study over time, and the concentration of the
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compound in the solution is need. Thus, characterization of the solution through a
calibration curve is required.

The calibration curve is a collection of measurements of at least three
concentrations of the compound. The starting concentration should be right above
the estimated concentration of the unknown sample and should go down to about
one order of magnitude lower than the highest concentration. The concentration

should be equally spaced to provide the higher possible accuracy.

6.2 Materials and Methods

6.2.2 In vitro release fixture

Release modulation experiments were performed with a custom-made, two
reservoirs fixture comprising a macro cuvette (sink reservoir) and a drug reservoir.
The cuvette was glued with UV epoxy (OG116, Epoxy Technologies, Inc.) to a
PMMA (McMaster Carr, Douglasville, GA) membrane holder. The drug reservoir
(500 pL capacity), made of PMMA, was secured to the membrane holder through
2 SS316L M3 screws. The membrane under testing was clamped between the two
PMMA pieces, with 2 O-rings (2418T113, McMaster Carr, Douglasville, GA) to
avoid solution leakage. The reservoir was capped with silicone plugs (9277K87,

McMaster Carr, Douglasville, GA). The final device is reported in Fig. 6.1.

reservoir
solution

nanofluidic membrane
O-ring

sink solution

'/
/

cuvette

Teflon-coated

P’?/magnelic stir bar
|

Figure 6. 1: Rendering of the custom device used for in-vitro release modulation.
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6.2.3 In vitro release modulation

Release modulation experiments were performed using 300 nm membranes with
both poly-Si and a-SiC deposition. After the electrode connection, membranes were
immersed in isopropyl alcohol for 1 h to ensure proper channel wetting, rinsed in
deionized H>O at least three times, and immersed in a sink solution of 0.01 x PBS
overnight. After filling the sink reservoir with 4.45 mL of 0.01 x PBS solution, the
membranes were assembled in the diffusion fixture. The source reservoir of the
diffusion fixture was loaded with either 300 ul/mL Alexa Fluor 647 (Thermo Fisher
Scientific, Waltham, MA) (N=1) in 0.01 x PBS, 200 pug/mL of Poly(sodium 4-
styrenesulfonate) (243051-5G, Sigma Aldrich, St. Louis, MO) in 0.01 x PBS (N=4)
or 1 mg/mL of DNA (Deoxyribonucleic acid sodium salt from herring testes;
D6898-1G, Sigma Aldrich, St. Louis, MO) in 0.01xPBS (N=2). At pH 7.4, all
molecules are negatively charged: -3q (= —4.8 x 10—19 C) for Alexa Fluor, ~-380q
(=—608 x 10—19 C) for Poly(sodium 4-styrenesulfonate), and highly charged DNA
fragment which charge depends on the fragment length. A reference Ag/AgCl pellet
electrode (Harvard Apparatus, Holliston, MA) was positioned in the source
reservoir.

The assembled diffusion fixtures were then loaded in a custom robotic carousel
[174] connected to a Cary 50 UV-vis spectrophotometer (Agilent Technologies).
Absorbance measurements of the sink reservoir were automatically performed
every 5 minutes. Between each measurement, the sink solution was under constant
stirring to ensure sample homogeneity. Wavelengths used for detection were 647
nm for Alexa Fluor, 256 nm for Poly(sodium 4-styrenesulfonate) and 260 nm for
DNA. Electrical DC potentials were applied between the reference and the gate
electrode using an arbitrary waveform generator (Keysight Technologies 33522A)
in a succession of passive (0 V) and active (-1.5 V or -3 V) phases. Phase durations
were 12 h and 8 h for passive and active, respectively. Phases were shortened for
DNA release, due to its high molar extinction coefficient to 6 h and 4 h for passive

and active, respectively[143].

Experimental release of quantum dots and methotrexate were performed using

SiC-coated membranes with ~300 nm nanochannels. To ensure proper channel
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wetting, membranes were immersed in isopropyl alcohol for 1 h and then rinsed
three times in deionized H>O. Membranes were then placed overnight in 0.01 x PBS
or in 1 x PBS in preparation for quantum dots and methotrexate release,
respectively. Sink reservoirs (4.45 mL) were filled with matching PBS solutions.
After fixture assembly, the source reservoir was loaded with either I mg/mL 0.01
x PBS solution of quantum dots (CdTe core-type, COOH functionalized, 777978-
10MG, Sigma Aldrich, MO) or 2.5 mg/mL PBS solution of methotrexate (13960,
Cayman Chemical, MI). Both molecules possess a negative charge at pH 7.4, with
methotrexate presenting a stable -2q charge (—3.2 x 107" C) and quantum dots
having a charge that ranges from -5q to -15q depending on pH and ionic
strength[175]. Methotrexate has a molar mass of 454 kDa and an estimated diameter
of 1.6 nm[176], while quantum dots have an estimated molar mass of 200 kDa and
an estimated diameter of 4.7 nm[177]. Ag/AgCl reference electrode (Harvard
Apparatus, MA) was used and placed in the source drug reservoir.

Absorbance measurements of every sample were performed at 5 minutes
intervals using an custom UV-vis spectrophotometer apparatus consisting of a
robotic carousel[174] connected to an Agilent Cary 50 spectrophotometer. Sink
solution homogeneity was maintained by constant magnetic stirring (600 rpm).
Methotrexate absorbance was measured at 373 nm, while quantum dots at 240 nm.
Electrical potential (0, -1.5, or -3 VDC) was applied between the Ag/AgCl and the
membrane electrodes through a waveform generator (33522A, Keysight
Technologies). Passive (0 V) and active (-1.5 or -3 V) phases were alternated at
regular intervals. For methotrexate, phases were alternated every 6 hours between
passive and active (0 V and -3 V DC, respectively). For quantum dots, 12 h passive
phases were alternated with and 8 h of active applied potential (-1.5 V)[148].

6.2.4 Statistical analysis

Graphs were plotted and statistical data analyses were performed with GraphPad
Prism 8 (version 8.1.1; GraphPad Software, Inc., La Jolla, CA). Data are
represented as mean + SD. Statistical significance was determined using two-tailed

paired t-tests. For statistical analyses, the cumulative release of each phase was
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fitted with a first order polynomial using MATLAB® polyfit function. The

resulting angular coefficient represent the release rate of the considered phase[143].

6.3 Results

6.3.1 In vitro release of Alexa Fluor 647

As a proof of concept for the controlled release of small molecule therapeutics,
which represents the vast majority of drugs[178], Alexa Fluor 647 (AF647) was
investigated. AF647 is a fluorescent dye that offers high photostability and
sensitivity. AF647 presents a molecular weight of ~1kDa and is a good surrogate
for charged small molecule therapeutics. The release was performed in a custom-
made release fixture (Figure 6.1) where an external voltage generator (represented
as a battery) switched the applied voltage between 0 V and -1.5 V in alternating
phases.

Figure 6.2 shows the cumulative release for the negatively charged AF647 where
the passive (12 h) and the active (8 h) phases are highlighted by the blue and red
background, respectively. During the passive phase the molecules are released
following a concentration-driven diffusion, achieving a constant release rate. Upon
application of the active phase, co-ions repulsion reduces the concentration of
negatively charged molecules in the channel, AF647 included, resulting in a
reduced transmembrane diffusion. The phase switching is repeated for 14 cycles,
demonstrating repeatability of the electrostatic gating phenomena. I observed
smooth release rate transitions, which can be attributed to various factors, including
1) capacitive charge/discharge of the poly-Si gate; ii) transient formation or
dissolution of percolating paths in the dielectric; iii) rearrangement of charged
species in nanochannels. While it is difficult to pinpoint the contribution of each of
these factors, smooth transitions are desired therapeutic administration. In fact, they
can avoid peak-and-though plasma fluctuations that can elicit adverse side effects
and negatively impact treatment[25].

For ease of comparison, release rates calculated for each phase form cumulative
profiles are plotted in Figure 6.2 (bottom bar graph). To quantify the effect of gating

the release rate of each phase (horizontal lines) was averaged and compared the
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active to the passive release. A 60% reduction of release rate was observed during
active phase and an average release rate of ~1 pg/day during passive phases.
Release rates in the order of pg/day are in line with daily therapeutic doses for
numerous small molecule therapeutics. This is the case for glucocorticoids[179],

antivirals[180] and hormone therapeutics[181], among others.
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Figure 6. 2: Modulated release of Alexa Fluor 647. In-vitro cumulative release modulation
of Alexa Fluor (top). Release rate for every phase, normalized to the average of the passive
phases. Blue and red line represent the average of the passive and active (-1.5 V) phases

respectively.

6.3.2 In vitro release modulation of polystyrene sulfonate

More than 40% of newly developed drugs are poorly soluble in water[27,182]
and require vehicles for their administration. In this context, to assess the ability of

the membrane to modulate the release of larger molecular constructs such as drug
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carriers[29,29], poly(sodium 4-styrenesulfonate) was chosen as representative of a
large molecule. PolySS (70-1000 kDa) is a polyelectrolyte used for the treatment
of acute and chronic kidney disease[183] and for the encapsulation of
pharmacologically active compounds that exhibit poor water solubility[184,185].
Additionally, PolySS presents high exposed charge, which allow for effective
transport modulation via electrostatic gating.

Figure 6.3A shows the cumulative release of PolySS when alternating passive
(blue) and active phases (brown or red). During the first 5 active phases (brown) a
voltage of -3 V was applied to the gate electrode, while during the last 3, the voltage
was reduced to -1.5 V. As previously shown for AF647, the application of a gate
voltage consistently decreased the release rate when compared to the passive
phases, where a sustained release was observed. It is important to notice how for -
3 V the release rate was almost completely stopped while for -1.5 V the release rate
was considerably reduced, but not interrupted. I calculated the slope of each
cumulative release and then normalized it to the passive release rate (Figure 6.3A,
bottom) to clearly show the differences between the release rates of active and
passive phases. More importantly, the reduction and restoring of the release upon
change of the applied voltage is consistently repeated demonstrating that
electrostatic gating performances do not degrade overtime. During the passive
phases, I measured an average release rate of 12 ng/day, which is clinically relevant
in the context of hormone replacement therapies[186]. In these applications, our
technology could emulate the function of the body by providing hormone release

profiles that mimic the circadian cycle of hormone secretion[ 187].

6.3.3 In vitro release modulation of DNA salt

To demonstrate the controlled delivery of gene therapeutics, a release study with
DNA salt as a surrogate for plasmid DNA (pDNA) or small interfering RNA
(siRNA) was performed. pDNA and siRNA are the two main vectors used in gene
therapy for the treatment of incurable diseases such as cancer or various genetic
disorder|[ 188]. Figure 6.3B shows the cumulative release of DNA when alternating
passive (blue) and active phases (red). As for the AF647 and PolySS, the application
of a negative voltage (-1.5 V) led to a substantial decrease of release rate with
respect to the passive phase. Release rate analysis and normalization to the passive
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phases (Figure 6.3B bottom) resulted in an average reduction of release rate of 50%
of the passive release (Figure 6.3B bottom red line). The passive phase yielded an
average release rate of 89 pg/day. A target therapeutic dose for siRNA cannot be
clearly identified, in part due to the fact that gene silencing therapies are still under
development[189]. However, this result provides confidence of the ability of the
nanofluidic system to function in conjunction with biologics, and control molecular
transport at rates that are within the same order of magnitude of experimental

therapies[190].
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Figure 6. 3: Modulated release of Poly(sodium 4-styrenesulfonate) and DNA. A) In-vitro
cumulative release modulation of PolySS (top). Release rate for every phase, normalized
to the average of the passive phases (bottom). B) In-vitro cumulative release modulation of
DNA (top). Release rate for every phase, normalized to the average of the passive phases.

Red line represents the average of the active (-1.5 V) phases.

6.3.4 Performance of release modulation through electrostatic gating

To better demonstrate the performance of electrostatic gating, Figure 6.4 shows

the normalized release rates of the molecules used in this study, when grouped by
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applied voltage. For AF647 the application of -1.5 V resulted in a ~60% reduction

of the release rate.
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Figure 6. 4: Statistical analysis of release modulation. Release rates grouped by typology
and compared.

Similarly, for PolySS both applied voltages in the active phases yielded a
significant reduction in release rate of 77% and a remarkable 98% for -1.5 V and -
3V respectively. Importantly, for PolySS the two active phases lead to a diffusivity
reduction proportional to the intensity of the applied voltage, which is easily
justifiable by different EDL extents when the surface charge density is changed. In
fact, if the EDL extends to the whole nanochannel volume, co-ions repulsion results
in an almost complete interruption of analyte diffusion. The analyte charge plays a
central role in gating performances, as a higher charge leads to greater repulsion
forces. Indeed, our results show that PolySS yielded a more pronounced reduction
in release rate compared to AF647 with the application of -1.5 V.

In the case of DNA release, a statistically significant difference in release rate
was demonstrated and observed when grouping the calculated slopes by phase
typology. In this context, it is remarkable how even despite the presence of the DNA
molecules of different lengths, dimensions and overall charge, the gating effect
produced by our membrane was consistently and repeatedly able to decrease the
diffusion rate through the nanofluidic channels. Nonetheless, it is possible to
recognize that the performance achieved with the modulation of DNA is slightly
less impressive than the one observed with PolySS. This detail can be attributed to
the difference to the lower overall charge of DNA molecules. In fact, even though

I expected a 60-70% reduction with the application of 1.5 V, I achieved a 50%
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reduction, likely due to small DNA fragments diffusion through the bulk region of
the nanochannels.

Figure 6.4 also shows the release rate modulation of polySS in PBS solution. I
performed this release as a proof of concept of the ability of our current gated
membrane to control drug release in an environment that mimics in vivo ionic
strength conditions (1 x PBS). An average reduction of release rate of 55% was
achieved with the application of —1.5 V. Even though the modulation (decrease) of
release rate results less dramatic as compared to the results obtained with 0.01x PBS
(77% decreased release rate), our results indicate that electrostatic gating is a viable
strategy for drug release modulation in vivo. Moreover, the same results obtained
with 0.01 x PBS could be obtained in high ionic strengths fluids using higher wall
potentials or smaller nanochannels. An increasing in the applied potential would
increase power consumption. To avoid this problem, the usage of nanofluidic
membrane with smaller nanochannels represent a solution for further development
of the technology. It is worth mentioning that although in this study, the release
modulation was performed for negatively charged molecules. Nevertheless, the
nanofluidic membrane can be employed with positive molecules as well. However,
our approach to drug release modulation is using electrostatic gating to increase the
charge selectivity of channels and effectively generate a reduction in transport of
co-ions. In this context, it was an easier test to start from negatively charged
nanochannels to further increase the negative surface charge to limit the trans-
membrane diffusion of negative charged species. For this reason, this approach
favorited the an optimization in terms of energy efficiency to modulate drug release.
While inverting the native silica surface charge from negative to positive is feasible,
this requires higher applied gating potential and high corresponding leakage
currents[152]. In turn, this negatively affect the energy efficiency of our system. In
light of these consideration, this proof-of-concept focused on adjusting the release
rate of negatively charged molecules only. The same principle can be applied to
positively charged molecule replacing a-SiC with a material that exposes positive

charges, such as alumina[143].
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6.3.5 In vitro control release of methotrexate

To investigate the effectiveness of electrostatic gating on controlling trans-
membrane transport of a small charged analyte, an in vitro diffusion study using
methotrexate was performed. Methotrexate has a molecular weight of 454 kDa and
is a good representative of small molecules (<900 Da) therapeutics, which accounts
for the majority of pharmaceuticals[178]. Clinically, methotrexate is used as a
chemotherapeutic agent for the treatment of various cancers, as well as in the
management of rheumatoid arthritis[47] .

Figure 6.5A shows the normalized release rates for four consecutive cycles
alternating between passive and active phases. During the passive phases,
negatively charged molecules (-2q for methotrexate) diffused trough the
nanochannels freely, largely unaffected by the low native charge of the a-SiC
surfaces. When a negative voltage was applied (-3 V), an increase in negative
surface charge repelled methotrexate molecules, reducing their release. The four
alternation cycles between passive and active phases demonstrated that electrostatic

gating allowed for repeatability of release modulation
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Figure 6. 5: Electrostatically controlled release of methotrexate. A) Normalized release
rate of methotrexate for four-cycle between free diffusion (Passive) and gated diffusion

(Active). B) Release rate grouped by phase typology.

It was possible to observe a statistically significant (** p < 0.01) difference in
release rate between active and passive phases, whereby the applied potential -3 V
yielded a decrease in the release rate of ~35%. During the passive phase, an average

release rate of 10 pg/day was obtained, which was consistent with daily doses used
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to treat rheumatoid arthritis in pre-clinical testing[191]. Other small molecule
therapeutics, including glucocorticoids[179], hormone therapeutics[181], and
antivirals[180], present effective daily doses in the order of micrograms. This
indicates that the current membrane architecture could, in principle, be adopted for
various therapeutic applications. However, further testing with different

pharmaceutical agents is warranted[148].

6.3.6 In vitro controlled release of quantum dots

To demonstrate the flexibility of our nanofluidic membrane, I performed a
release study with quantum dots. Quantum dots have a wide range of applications
in vitro and in vivo, including cell labeling for tracking, imaging, or tissue
staining[44]. They can also be used as biomarkers for cancer detection and for
targeted drug delivery[192]. Quantum dots release was performed with modalities
similar to methotrexate, passive (0 V), and active phases (-1.5 V) were alternated
for a total of three cycles. Figure 6.6A shows the calculated release rate for each

phase.
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Figure 6. 6: Electrostatically controlled release of quantum dots. A) Normalized release
rate of quantum dots for three cycles between free diffusion (Passive) and gated diffusion

(Active). B) Release rate grouped by phase typology.

As for methotrexate, the application of a negative potential to the gate drastically
reduces the release rate of quantum dots through the nanofluidic membrane.

Subsequent cycles demonstrate consistent and reproducible release rate reduction.
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Grouping the phases by typology Figure 6.6B, I demonstrated a significant
difference between passive and active phases with a staggering 84% reduction in
release rate. Compared to MTX, quantum dots clearly showed more effective
electrostatic modulation, which can be attributed to two main factors: 1) QD are
COOH functionalized and in a solution with pH 7.4, are likely to exhibit a high
surface charge, which makes them prone to electrostatic interactions with the
nanochannels surface; ii) the ionic strength of the test solution employed for QD
was 0.01xPBS which yields a ten times bigger Debye length compared to 1xPBS,

resulting in an evident boost in modulation performance via gating[148].

6.4 Conclusion

The a-SiC coated nanofluidic membrane demonstrated the capability to perform
a reproducible control of analyte transport via electrostatic gating. The application
of a low-intensity electrical potential to the gate electrode allowed to alter
nanochannel surface charge, leading to tunable membrane charge selectivity, and
control over five therapeutic relevant charged molecules. With this evidence, the a-
SiC nanofluidic membrane could be employed as actuators for remotely controlled
drug delivery systems. the low voltage needed to modulate the release rate could be
provided via small scale and low power circuitry. This investigation might pave the
way for the development of the next generation of drug delivery systems, enabling
pre-programmed or remotely managed pharmaceutic administration. Further, the
gated nanofluidic membrane might find applicability in molecular sieving and lab

on a chip diagnostic[143,148].
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Chapter 7

Design of the Printed Circuit Board
for drug release control

Abstract

This chapter focuses on the design of the printed circuit board for remotely
control the drug delivery device. The electronic board perform features a Bluetooth
Low Energy wireless microcontroller to modulate the gate potential to be applied

to the silicon nanofluidic membrane.
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7.1 Introduction to wireless communication

In the last decades, implantable devices are widely used for health monitoring
and control of physiological functions of the human body. Implanted devices and
external equipment can communicate in two ways: utilizing a short wire connection
or radiofrequency telemetry. The first case can present some disadvantages such
as breakage of wires, infections due to the local implantation, or introduce noise
due to accidental mechanical movements. Some examples are related to brain
stimulation implantable devices[193] and cardiac devices such as pacemakers and
defibrillators[ 194]. Using the wireless radiofrequency communication, it is possible
to avoid those complications[195]. Wireless radiofrequency communication can
require significant features to be addressed to provide a real-time monitoring
control remote communication. In the following, some aspects such as the type of
radiofrequency communication and the power source of the implantable device are

discussed.

7.1.1 Radio Frequency Communication

Depending on the medical application, real-time monitoring systems or near
real-time monitoring system can require the local storage of data for some period
of time. To absolve this aspect, a flash memory can be present on the board to
collect the produced data, and lately, transmit to the external device. In fact, direct
access to the real-time produced data requires an additional local retriever to
connect the implanted device with the external world. This would necessitate a
supplementary implanted device placeable through further surgery. In this way, the
safety of the patient could be reduced, and at the same time, the cost increases. All
in said, to avoid those aspects, the clinical device can feature wireless connectivity
to communicate with the external world. Many different technologies and protocols
are present on the markets, such as WiFi, ZigBee, and Bluetooth (BLE)[196,197].
In particular, Bluetooth communication can require very low energy and power-
saving compared to the other communication protocols[197]. Proprietary and non-
proprietary protocols can be implemented with the BLE, and thanks to the extensive

implementation and to low cost required from these standards, the biomedical
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community is achieving standardized protocols that can be easily suitable for
biomedical application such as the remote monitoring control of the implanted
devices.

One of the most critical aspects of wireless communication concerns the safety
and the electromagnetic interaction with the human body that could affect the
wireless signal. In fact, it is demonstrated that organs generally attenuate the Radio
Frequency signals[198]. To minimize the signal attenuation, it is possible to work
at frequencies below 4 MHz or above 1 GHz[199]. To select the frequency range,
one can consider the electromagnetic radiation emitted. Specifically, the Federal
Communication Commission established two main categories that classify
radiations as ionizing and non-ionizing[200]. The ionizing category, including
frequencies in and above ultraviolet range, can cause severe tissue damage. The
frequency used by the implantable device is in or below the range of the microwave,
and this aspect put the focus on the safety concerns mainly related to the thermal
energy produced adsorbed by the tissues surrounding the implanted device[201].
While thermal aspects regulations vary from country to country, the International
Telecommunication Union provides frequency bands regulations for local

communication to biomedical, manufacturing, and scientific fields[202].

7.1.2 Power

Because the remote-control monitoring system requires a power source to
maintain its operative status, the power supply represents one of the most significant
aspects to be considered to design an implantable wireless control for the long-term
operation properly. Thus, the choice of the power supply has to consider the remote-
control system consumption rate, its operational period, and safety considerations.
Usually, the most consumer of power can be attributed to wireless communications.
In fact, different studies evaluated the power consumption associated with a remote
sensing control using the wireless Zigbee protocol was higher than that consumed
by the signal processor to control the various sensors located onboard[203]. Many
aspects can strongly influence power consumption. In particular, the
microcontroller (MCU), the wireless antenna, the signal processing, and the

required levels of voltages are among the most important to be considered. The
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wireless communication power consumption can be reduced by acting on the signal
processing operated by the microcontroller since it is responsible for wireless
communication signal processing. Thus, complex signal processing operations can
be performed at the receiving devices, meaningfully reducing the computational
load to perform on the board. For this purpose, it is possible to use ultra-low power
devices such as ARM MO Texas Instrument®. Another possible solution to limit
the communication power consumption is implementing a communication protocol
that could adequately balance the reliably transmitted data and the data redundancy.
For this purpose, the Bluetooth protocols support a linked connection between
implanted device and the external receiver device through a secondary
transmission.

The power supply of the implantable devices represents a crucial aspect of the
lifespan of the device itself. Usually, batteries or supercapacitors are incorporated
directly into the implantable device, and their usage allows the implanted device to
be independent of an eventual transmitter. The device can be powered and
functioning anywhere, for all the lifetime of the battery, such as in the case of
pacemakers[204]. As a disadvantage, the battery could significantly increase the

dimension of the device, and this aspect could be uncomfortable for the patient.

7.2 Drug Delivery Device

The drug delivery device comprises a drug-based implant that features an
electronic board to control the application of the polarization potential to the gated

nanofluidic membrane located in the drug reservoir.

7.2.1 Remotely controlled nanofluidic implantable platform

Previously, an accurate experimental investigation was performed on a printed
circuit board to evaluate the efficiency on the remote communication via Bluetooth
and the life-span of the implantable device[50]. the previous printed circuit board
integrated the system-on-chip (SoC) CC2541 (Texas Instrument) and was used for
the Bluetooth low energy (BLE) communication since it provides ultra-low energy

consumption. The power supply was the commercially available discoidal CR2016
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(VARTA), that featured a total capacity of 90mAh. The board was designed with a
step-down voltage converter (LM3670, Texas Instrument) used to modulate the
power supplied by the battery voltage from 3 V to 1.5 V. two of the available
general-purpose input-output GPIO pins P1 and P2 were connected to the electrodes
used for the drug modulation. P1 was connected to the converter or the 1.5 V output,

while P2 was connected directly to the GPIO for 3 V.

In this study, the power consumption of the PCB was evaluated considering the
instant current absorbed by the PCB. The power consumption analysis to estimate
the lifespan of the device, was performed by evaluating the different power
consumption of the different sources composing the PCB. The circuitry activities
can be divided into back-ground use, advertising and communication. Background
processing and advertising consumed 97.5 uW and 16.5 uW during active and
passive advertisement state, respectively. Data transmission during connection
between the implant and server resulted in significant energy consumption activity
estimated to be 1.22 mW. Further, the current flow between the two electrodes for
the control of the release of drugs also account for battery depletion. The power
consumption associated to the platinum electrode during the control of the release
of drugs was evaluated in-vitro using 1xPBS solution. The experimentally
measured leakage currents ranged from a few pA to peak of 100 pA, corresponding
to a maximum power consumption of 150 uW. In view of the contribution of these
sources of drainage of the battery capable of 270 mWh, the lifetime of the
assembled implant in a high-power consumption scenario was estimated to reach

20 days.

The PCB used for this implant was round shaped, with a diameter of 20 mm with
a height of 1 mm, while the PEEK embodiment assembled nanofluidic implant was
featuring a size of 34 mm x 24 mm x 5.4 mm. The implant capsule was fabricated
in polyether ether ketone (PEEK), a widely used biocompatible material resistant
to strain[205]. This material was already used for other drug-based devices[50],
demonstrating high biocompatibility and low immune response of the tissues
surrounding the capsule. It was hosting two separate compartments: one for the

membrane that also serves as a drug reservoir and the other for the battery and the
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electronics. The reservoir was sealed with a PEED lid where two loading/venting
ports were incorporated. Ports were sealed with implantable seld-sealing silicon
glue (MED3-4213, NuSeal, NuSil Technology) and a biocompatible thermal epoxy
(Epotek, 302-3M, Epoxy Technology) was poured on the battery and electronics to
embedded them into the implant. The membrane was glued in place with
biocompatible UV epoxy (OG116, Epoxy Technologies, Inc.). Finally, the lid was
sealed with UV epoxy. The described implant is reported in Figure 7.1.

Applied
potential

OFF OFF ov
ON OFF -15V
OFF ON 3V
ON ON 15V

Figure 7. 1: Implant components, printed circuit board (PCB) and applied polarization
potentials. (A) Exploded view rendering of the implant: a. PEEK body; b. silicon
nanofluidic membrane; c. platinum foil electrodes; d. PEEK lid used to seal the drug
reservoir; e. battery; f. printed circuit board (PCB); g. epoxy sealant; h. silicone drug filling
ports. Red and green highlighted areas are the reservoir compartment and the circuitry
chamber, respectively. (B) The printed circuit board (PCB) with the two GPIO pins P1 and
P2 highlighted, which can apply 1.5 V and 3 V to the electrodes, respectively. (C)

Schematic of possible voltages that can be applied to the membrane.

The new implantable platform of the envisioned implant is reported in Figure
7.2. The capsule is provided with two main compartments. One is reserved for the
drug reservoir and the gated nanofluidic membrane, and the other one is dedicated
to the discoidal battery. The two compartments would be sealed with implantable
self-sealing silicon rubber glue (MED3-4213, NuSeal). The electronic board would
be placed right above the two compartments, sealed with the same self-sealing glue.
The prototype presents a total volume of ~ 2.0 ml, where the drug reservoir
compartment is 350 pl. The drug-based device is designed to be powered by the
commercially available discoidal VARTA CR2016 battery that features a total
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capacity of 90 mAh. The implant is designed to be implanted on small animals such
as rats. For this reason, the dimensions have to be restrained compared to the
previous developed device reported in Figure 7.1A, that was implanted in rats and
monkeys. The final implantable capsule has a length of 22 mm, a width of 14 mm,

and a height of § mm.

Figure 7. 2: Rendering of the implantable capsule. a. PEEK body; b. silicon drug filling

ports; c. nanofluidic gated membrane; d. discoidal battery; e. the printed circuit board.

7.3 Electronic Printed Circuit Board Design

The custom Printed Circuit Board (PCB) was designed to comply the
dimensional constraints required for in-vivo implantation. For this reason, the
dimensions of the board trace the implantable capsule. In fact, the board features a
length of 20 mm, a width of 12 mm, and a height of 423 um. As in the case of the
discoidal board reported in Figure 7.1B, the new the printed circuit board, was
designed to provide a remote communication via Bluetooth to allow the control on
the application of the electric field to the nanofluidic membrane.

Contemporaneously to the dimension of the board, the other important aspect

considered during the design of the PCB was the power consumption. Based on
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experimental evaluation performed with the discoidal board[50], the power
consumption can be associated to four main catergories: the background use, the
advertising, the communication and the current flow flowing through the
nanofluidic membrane. The activities associated to the background usage, to the
advertising and to the communication were assumed to be the same of the previous
implanted device. Instead, the power consumption associated with the nanofluidic
membrane was estimated through the electrochemical measurement in the
physiological solution 1xPBS, where the leakage currents that affected the
membrane were evaluated. The results are reported in Chapter 5. The potentials
applied during those measurements were in the range of -3 V to 3 V, and the leakage
current was evaluated to correspond to few nA to 220 pA. The total power
consumption in the 1xPBS solution was estimated to be comprised between 1.5 pW
to 45 pW. Compared with the power consumption exhibited by nanofluidic
membrane used for the previous implantable platform, the a-SiC membrane
exhibited a lower power consumption. The power supply used to design the board
was the discoidal battery CR2016 (VARTA) previously used.

The polarization potential applied to the nanofluidic electrode investigated by
performing the in-vitro study described in Chapter 6. The polarization potential is
generated accordingly to the two phases. Those phases are defined as in the
following: one phase corresponding to the zero-order release upon no application
of potential, i.e., 0 V, and the other phase corresponding the controlled and reduce
release rate of the therapeutics, that requires the application of the polarization
potential equal to -1.5 V, and -3 V, depending on the therapeutics.

The electronic design was accomplished by using Altium Designer® software.

Schematic Design and Components. The electrical schematic of the PCB is
reported in Figure 7.3. The components are grouped into different sections to

highlight the tasks and functions they perform.
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Figure 7. 3: Schematic circuit of the printed circuit board.

Bluetooth Low Energy Microcontroller. The Bluetooth Low Energy
Microcontroller (MCU) employed is the CC2640R2F. it supports the Bluetooth®
5.1 Low Energy 2.4 GHz RF applications. It is widely used in applications that

require low-power wireless communication, such as sensing applications and
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medical markets, among others. The Bluetooth® 5.1 provides a LE 2-Mbit PHY
Advertising Extensions and Multiple Advertisements Sets for High-Speed
Communications. It is provided with Arm® Cortex®-M3 processor and with a
dedicated radio controller Arm® Cortex®-MO0, that provide low-power RF
transceiver capability and it is able to support a real-time localization. Low-power
consumption is one of the crucial aspects when the lifetime of the implanted device
needs to be as long as possible.

The used CC2640R2F has featured a 32-bit processor working at 48 MHz,
provided with 128 kB Flash and 275 kB ROM. Additionally, the microcontroller is
equipped with two RC oscillators working at 32 kHz and 48 MHz, and two external
crystals operating at 24 MHz and 32.768 kHz. The microcontroller shows the
possibility of using several peripherals. In fact, it presents a 12-bit ADC, the [2C
interface, and Sensor controller. It features different sizes. For this design, the 4 mm

x 4 mm and 32-pins were used in the VQFN package, as shown in Figure 7.4.
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Figure 7. 4: Bluetooth Low Energy Microcontroller Pin Diagram RSM Package4 mm x 4
mm 32-Pin VQFN RSM Package, 0.4 mm Pitch.

The MCU required three power rails VDDS, VDDR, and DCOUPL associated
with PIN27, PIN28, and PIN12. VDDS (PIN 27) is connected with the external
power source by means of a decoupling circuit composed of four capacitors. The

electrical schematic, the differential pairs and the decoupling circuit are reported in
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Figure 7.5. The other two power rails are connected to decoupling circuits
comprised of inductances and capacitances. Two crystal oscillators are required: 24
MHz oscillators are used for the RF blocks in power-on mode, while the 32 kHz
oscillator is used in power-down mode.

The used antenna is a ceramic chip antenna W3008 adequately connected to the
MCU by means of the balun to convert the balanced signal to an unbalanced one.
The dedicated PINs for the debug mode are in the number of five: the TCK (Test
Clock), the TMS (Test Mode Select), the TDI (Test Data In), and the TDO (Test
Data Out). The RESET circuitry connected to the RST PIN is implemented with a

pull-up resistor and bypass-capacitor, and it requires to be externally accessible.
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Figure 7. 5: Schematic circuit of MCU and VDDR network. A) MCU reporting the pins

connection, and B) VDDR Decoupling Capacitors network.
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Radio Frequency Bluetooth Antenna. The dimension of the PCB requested that
the components should present a valid trade-off between their performances and
their size. For this reason, the design of the RF block necessitated an antenna
capable to provide good performances during the remote communication, reduced
power consumption and small dimension.

Mainly, there are three types of antennae used for healthcare, medical
applications and remote control: the micro-strip antenna, the metal plate antenna
and the chip antenna[206,207]. With the same performances, the first and the
second categories present moderate and large dimensions, while the third category
feature small size. Consequently, the PCB was implemented by using a chip
antenna.

The chip antenna presents important key features very useful for the final
purpose of implantable device. Specifically, the antenna exhibits a very compact
size, a low cost and an easy implementation on the board, and can be widely used
for wireless applications, such as WIFI, and Bluetooth. The crucial aspect to meet
the requirement of the performances of the chip antenna is represented by a good
design of the feed line, the matching net and the PCB structure. Those aspects
requires that the final thickness of the PCB and the routing to feed the antenna must
match the typical input impedance value required by the antenna, i.e., 50 Q.

The RF block was designed featuring a ceramic chip antenna Pulse Larsen
Antenna W3008 exhibiting a compact size 3.2 x 1.6 mm and clearance area of 4.00
x 4.25 mm, and the Johansson Technology balun 2450BM14G0011T 1.6 mm x 0.8
mm. The antenna works in a frequency range of 2.4 - 2.483 GHz, demonstrating a
linear max gain of 1.7 dB, and an efficiency of 70% (-1.6 dB). The antenna presents
a linear polarization and omnidirectional radiation. To transform the balanced
signal to unbalanced signal, it was employed the balun 2450BM14GO011T
Johanson Technology compatible with the MCU. The schematic of the RF

communication is reported in Figure 7.6.
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RF Signal Path
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Figure 7. 6: Schematic diagram of the electric circuit for the RF communication antenna.

Another important aspect is represented by the radiation pattern in the XY, ZX
and YZ plane, that reported in the Figure 7.7A, B and C respectively. The
omnidirectional radiation pattern can ensure that the wireless communication can
take place on all planes, a crucial characteristic for implantable medical device. In
fact, due to the variability of position of the implantation site, the orientation of the
device cannot be assured. By using an omnidirectional antenna, the RF signal
propagates on the three radiation planes, eliminating the need of a proper orientation

of the implanted device.
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Figure 7. 7: Radiation diagram of the ceramic antenna for XY, ZX, and YZ plane.

Polarization voltage for drug release control. To polarize the nanofluidic

membrane, the polarization potential needs to be applied between the embedded
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electrode of the nanofluidic membrane and the reference electrode in the drug
reservoir. To solve at this purpose, the usage of a STEP-DOWN (Texas
Instruments) DC-DC converter is contemplated. The output of the converter is
directly connected with the nanofluidic membrane (P1). The reference electrode
instead is linked directly to the GPIO output of the MCU (P2). In order to achieve
the different drug release rates, a different combination of P1 and P2 On and OFF
status on the PCB allows the application of 4 different voltages, +1.5 V, -1.5 V, +3
V,and 0 V, as illustrated in Figure 7.1C. When both P1 and P2 are ON, the applied
voltage to the electrodes is +1.5V; when P1 is On, and P2 is PFF, the applied voltage
is -1.5 V; when P1 and P2 are both OFF, the applied voltage is 0 V.

DC/DC Converter
U3
Pl 1
VIN L
T3 4 VLSV
1 2 B O
e—2—GND 12
1s 1 2
i sw2 LAY 2 o
AU Le—3EN 10uH ]
1 IM3670ME-1.5/NGPB o e
= 10 uF
GND —
GND

Figure 7. 8: Schematic of the electronic circuit for the generation of the polarization

potential.

Printed Circuit Board. The prototype of the PCB comprised a double-layer
compact size PCB containing 22 components on one side and the easy-to-assess
pads for the delivery of the polarization signals to the nanofluidic membrane.

In Figure 7.9 is reported the top and the bottom layer of the PCB. It is possible
to observe the component placement, the routing, and the via positioning. The
distance between components is kept at a minimum of 0.254 mm. The traces
connecting the components are all 0.2 mm thick. The antenna trace is designed to
have the characteristic impedance of 50 Q impedance, and it exhibits a width of

0.65 mm.
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z o °
| lo C1 4[:5 l
. ., . - ;.-o o C7

Figure 7. 9: Layers of the PCB with highlighting the routing and component placements:
A) Top Layer, and B) Bottom Layer.

The used the routing rules, and the manufacturing constraints are reported in
Figure 7.10 and 7.11. The cross-section of the layer stack of board is reported in
Figure 7.12. The dielectric used is 1 0z copper, that features a thickness of 353 pm.
The double layer PCB exhibits a final thickness of 423 pm.
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Top Overlay B
Diefectric 1 0.353mm)

e TOP Layer 0.035mm

g Botiom Layer 0.035mm

Figure 7. 12: Cross-section of the Board Layer Stack.

Finally, the design was validated by Altium® Designer to verify that all
parameters and constraints for the fabrication were respected. The design rule check

reported in Figure 7.13 demonstrated that the PCB was properly designed.

Summary
Warnings Count
Total 0
Rule Violations Count
Clearance Constraint (Gap=0.15mm)_(All),(All) 0
Short-Circuit Constraint (Allowed=Nao) (All),(All) 0
Un-Routed Net Constraint { (All) ) 0
Moadified Polygon (Allow modified: No), (Allow shelved: No) 0
Width Constraint (Min=0 1mm) (Max=07mm)_(Preferred=02mm)_(All) 0
Pawgr Plane Connect Rule(Relief Connect ){Expansion=0.508mm)_(Conductor Width=0.254mm) (Air Gap=0.254mm) 0
(Entries=4) (All)
Hole Size Constraint {(Min=0.025mm) (Max=2.54mm)_(All) 0
Hole To Hole Clearance (Gap=0.254mmj (All},(All) 0
Minimum Solder Mask Sliver (Gap=0.254mm)_(All).(All) 0
Silk To Solder Mask (Clearance=0.254mm) {IsPad),(All) 0
Silk to Silk (Clearance=0,1mm) (All),(All) 0
Net Antennae (Tolerance=0mm)_(All} o]
Height Constraint (Min=0mm)_(Max=25.4mm) (Prefered=12.7mm) (All) 4]
Total 0O

Figure 7. 13: Report of the rule validation generated by Altium® Designer.
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The 3D rendering of the board is reported in Figure 7.14.

Figure 7. 14: 3D rendering of the Printed Circuit Board. A) Top layer, and B) Bottom
layer.

Conclusion

The realized PCB can provide a switching polarization potential from 0V to
+1.5 V, and 3 V. To achieve a more refined control over the polarization potential,

an increase in resolution to the applied potential could be achieved by implementing
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an ADC converted on the board. Additionally, the drug delivery board could be
improved by including an element for providing feedback about the chosen release
rate. Feedbacks can be implemented by integrating sensors into the board. The
system supplied with sensors can achieve a closed-loop control that would enhance

the accuracy in delivering the proper dosage of therapeutics.
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Chapter 8

Conclusion and Future Perspectives

The thesis illustrated the fabrication, characterization, and validation of the new
silicon gated nanofluidic membrane to electrostatically control charged species and
presented the new generation of the nanofluidic implantable device for remote

control of the delivery of therapeutics.

First, the manufacturing process was described. The fabrication processes were
based on standard microfabrication techniques, such as photolithography and
micromachining. It allowed producing a robust nanofluidic structure with 199
round microchannels organized in hexagonal spatial configuration, each connected
to 1400 identical nanochannels organized in 19 rows and 96 columns. Each 6 x 6
mm? membrane featured 278600 nanochannels, which dimensions can be tailored
depending on the medical contingency. The monodispersed nanochannel
dimensions represent the key aspect in the tight control of the delivery of drugs, and
the large number of nanochannels can ensure molecular transport rates suitable for
medical applications. Additionally, the process allowed the fabrication of a
uniformly distributed phosphorus-doped polycrystalline buried electrode coated
with biocompatible amorphous silicon carbide, which guaranteed the homogeneous

distribution of the electric field over the length of the nanochannel.

Second, the experiment conducted in-vitro to simulate the body-fluid conditions

was performed to evaluate the rate of corrosion of the amorphous silicon carbide
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coating layer in comparison to SiO,. Despite the harsh environment, the amorphous
silicon carbide demonstrated a negligible corrosion rate over the three experimental
conditions. The results of this study demonstrated that the a-SiC coating is an ideal
candidate to prevent the degradation of the nanofluidic structure, enhancing the

lifetime of the device and making it suitable for long-term implantation.

Third, the gated nanofluidic membrane was electrochemically characterized in
monovalent KCIl solution and PBS solution. The DC gating behavior was
investigated through I-V before using a concentration of the KCl solution exhibiting
a Debye length A comparable to the nanochannels height. Furthermore, electrostatic
performances were demonstrated in the geometry dictated regime, where the A was
one-third of the nanochannel height. The results demonstrated that the polarity of
the polarization potential is crucial to favor or hinder the ionic transport in the
nanochannels and to produce negligible or noticeable leakage current. Power
consumption was estimated between a few pW and 45 pW. The investigation of the
electrical transport phenomena at the dielectric-electrolyte interface was performed.
Overall, the outcomes of this study offer significant evidence and support the utility
of using the nanofluidic membrane in the reservoir-based implantable devices,
where the drug molecules exhibit a A smaller than the nanochannel dimensions due

to the high concentration in the drug reservoirs.

Forth, an in-vitro validation of the active electrostatic control of five medical
relevant molecules was illustrated. The release rate variation of the negatively
charged molecules Alexa Fluor 647, poly(sodium 4-styrene sulfonate, DNA,
quantum dots, and Methotrexate was proved, demonstrating a successful control
over the release rate. Upon application of a polarization potential equal to -1.5V,
AlexaFluor647 release rate was reduced by 60%, the quantum dots release rate was
reduced by 84%, and the DNA release rate was reduced by 50%. Application of -
3V the Methotrexate release rate demonstrated a reduction of 35%, while the
poly(sodium 4-styrene sulfonate) 98%. Those promising results can be improved to
achieve a tunable delivery release rate by shrinking the dimension of the
nanochannels and introducing higher resolution for the used polarization potential

range.
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Fifth, the design of an electronic board to provide remote control via Bluetooth
communication was illustrated. The designed board features 400 pm thickness, 12
mm width, and 20 mm length. Those small dimensions allow the development of
an implantable reservoir-based capsule suitable for in-vivo experiments in small-

size animals.

The extension of this project comprises the implantation of the designed board
for in-vivo tests on remote communication and controlled release of medical
relevant molecules previously described. Furthermore, the research group of
Professor Grattoni, in collaboration with the research group of MiNES is working
on the development of an advanced implantable capsule for the implementation of
a wireless network of the implantable sensor. The advanced electronic board will
implement a close-loop communication system based on the monitoring of

temperature to modulate the release of therapeutic.

In consideration of those encouraging results, the nanofluidic device represents
a capable implantable technological platform that may offer a new approach to
future medicine through a remote electrostatic active control of drugs and
therapeutics. This nanofluidic platform remotely controlled would allow clinical
drug administration to cure chronic and acute diseases in a chronotherapeutic

regime, personalized medicine, and telemedicine.
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