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Some people want it to happen,
some wish it would happen,

others make it happen.

Michael Jordan

One of the basic rules of the universe is that nothing is perfect.
Perfection simply doesn’t exist.

Without imperfection, neither you nor I would exist.

Dr. Stephen Hawking

Only those who attempt the absurd can achieve the impossible.

Dr. Albert Einstein

Don’t just learn, go and do something with it.

Dr. Richard P. Feynman



Abstract

The rapid emergence of CubeSats and nanosatellites has driven a paradigm shift in the
space sector, enabling cost-effective missions for Earth observation, telecommunications,
and scientific research. However, their compact size severely limits the integration of con-
ventional propulsion systems, restricting autonomous maneuvering, collision avoidance,
constellation management, and responsible end-of-life disposal. This propulsion gap is a

major bottleneck for the operational maturity of small satellite platforms.

This doctoral thesis explores the development of an advanced propulsion solution tailored
for these platforms: a silicon-based electrospray microelectromechanical system (MEMS)
thruster. Electrospray propulsion stands out among electric propulsion technologies due
to its intrinsic scalability, low power needs, high specific impulse, and minimal system
complexity. It generates charged particle beams directly from ionic liquids using micro-
or nanoscale emitters under high electric fields, removing the need for complex ionization

subsystems and enabling high thrust-to-power ratios in a miniaturized form.

The core contribution of this research was the design, fabrication, and characteriza-
tion of an externally wetted MEMS-based electrospray emitter array integrated into the
ATHENA (Adaptable Thruster based on Electrospray for NAnosatellites) platform. Emit-
ters were engineered as sharp microneedle arrays coated with dense silicon nanowires, fab-
ricated using an innovative hybrid microfabrication process combining photolithography;,
reactive ion etching (RIE), and colloidal lithography. This design allows passive, capillary-
driven propellant transport without internal channels, crucial for preventing clogging and

ensuring long-term stability in space.

A comprehensive experimental analysis studied tip geometry, emission patterns, and
efficiency, evaluating metrics such as emission current, angular beam distribution, and
thrust-to-power efficiency. Results showed that extremely sharp microneedles (20° tip

angle) caused high off-axis emission due to intense electric fields and premature ionic lig-
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uid emission before reaching the tip. This was supported by theoretical analyses of emis-
sion trajectories from different points on the tip. Conversely, microneedles with larger
tip angles (30-35°) achieved narrow Gaussian emission profiles with preferential forward
emission and higher efficiency. Preliminary studies also revealed the impact of hydraulic
resistance by adjusting nanostructure surface density, indicating improved emission pat-
terns for higher resistances. Additionally, degradation mechanisms, including material
erosion and electrochemical wear, were examined via scanning electron microscopy and
long-duration emission tests. Protective coatings and emitter geometries were optimized

to enhance operational lifetime and device robustness.

The results demonstrated the electrospray system’s compatibility with CubeSat con-
straints: low power consumption and minimal volume. The ATHENA platform’s modu-

larity supports thrust scalability and adaptability to various mission profiles.

In conclusion, this thesis validates a technological pathway for integrating MEMS-based
electrospray propulsion into next-generation small spacecraft. It bridges fundamental elec-
trospray physics, advanced microfabrication, and practical in-space propulsion, advancing

more autonomous, sustainable, and mission-capable nanosatellite platforms.



Resumen

La rapida aparicién de los CubeSats y nanosatélites ha impulsado un cambio de paradigma
en el sector espacial, permitiendo misiones econémicas de observacion terrestre, teleco-
municaciones y experimentacion cientifica. No obstante, su reducido tamano limita la
integracion de sistemas de propulsion convencionales, restringiendo su capacidad para
maniobras auténomas, evitacion de colisiones, gestion de constelaciones y una disposicion
responsable al final de su vida 1til. Esta carencia de propulsién representa hoy uno de los

principales obstaculos para la madurez operativa de estas plataformas.

Esta tesis doctoral aborda el desarrollo de una solucién de propulsion avanzada disenada
especificamente para estos satélites: un propulsor electrospray de silicio basado en tec-
nologia MEMS (sistemas microelectromecanicos). Esta tecnologia de propulsion eléctrica
destaca por su escalabilidad, bajo consumo energético, elevado impulso especifico y baja
complejidad. Funciona generando haces de particulas cargadas directamente desde liqui-
dos i6nicos mediante emisores a micro o nanoescala sometidos a altos campos eléctricos,
sin necesidad de subsistemas complejos de ionizacion, lo que permite obtener relaciones

empuje/potencia elevadas en un formato compacto.

La principal contribucion de esta investigacion fue el diseno, fabricacién y caracterizacion
de una matriz de emisores electrospray de mojado externo, integrada en la plataforma
ATHENA (Adaptable Thruster based on Electrospray for NAnosatellites). Los emisores
se fabricaron como arreglos de microneedles afiladas recubiertas de nanohilos de silicio,
mediante un proceso hibrido que combina fotolitografia, grabado iénico reactivo (RIE)
y litografia coloidal. Esta arquitectura permite un transporte pasivo del propulsor por
accion capilar, sin canales internos, lo cual previene obstrucciones y asegura estabilidad

en el entorno espacial.

Se realizo6 un andlisis experimental detallado de la geometria de las puntas y de los

patrones de emision, evaluando parametros clave como la corriente de emision, la dis-
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tribucién angular del haz y la eficiencia empuje/potencia. Se observé que microneedles
con angulos de punta muy agudos (20°) generaban emisiones desviadas, debido a campos
eléctricos intensos y a la emisién prematura del liquido iénico. En cambio, microneedles
con angulos mayores (30-35°) mostraron una emisién mas colimada y eficiente. También
se identific6 que una mayor resistencia hidraulica —lograda mediante el ajuste de la den-

sidad de las nanoestructuras— mejora la calidad del patrén de emision.

Adicionalmente, se estudiaron los mecanismos de degradacién del sistema, como la erosion
del material y el desgaste electroquimico, utilizando microscopia electrénica de barrido y
pruebas prolongadas de emision. Se implementaron recubrimientos protectores y ajustes

en la geometria de los emisores para aumentar la durabilidad y robustez del dispositivo.

Los resultados demostraron que el sistema electrospray desarrollado es compatible con
las exigencias de los CubeSats: requiere poca energia, ocupa poco volumen y permite
modular el empuje segtin la misién. La arquitectura de ATHENA ofrece escalabilidad y

adaptabilidad para distintas aplicaciones.

En conclusion, esta tesis presenta una solucién tecnologica viable para integrar propulsion
electrospray MEMS en futuras generaciones de nanosatélites, conectando los fundamentos
fisicos de la tecnologia con su aplicacion practica en el espacio. Esta contribucion repre-
senta un paso importante hacia plataformas mas autoénomas, sostenibles y funcionales en

el ambito de los pequenos satélites.
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Chapter 1






1 Introduction

Throughout history, humanity’s curiosity about space has served as a driving force for
exploration and comprehension of the cosmos. From the ancient Mesopotamian and Egyp-
tian civilizations, who utilized celestial bodies for navigation, to contemporary achieve-
ments such as capturing images of a black hole, our fascination motivated us to unveil

the universe.

The progression of the scientific understanding of space has been closely intertwined
to the development of instruments that expand our observational capabilities. Among
these instruments, the astrolabe stands out as one of the earliest tools for determining
the positions of the stars over the horizon. However, the advent of the telescope, no-
tably championed by Galileo Galilei, represented a significant leap forward. Galileo’s
observations not only enriched astronomical knowledge but also provided evidence for the
heliocentric model of the solar system. It marked a significant turning point in the history
of astronomy, ushering in an era of optical exploration of celestial phenomena.

Over time, telescopes have undergone remarkable advancements in design, technology and

functionality, enabling astronomers to delve deeper into the complexities of the universe.

Although telescopes enable unravelling certain details of the universe, their effectiveness
was hindered by Earth’s atmosphere. The emergence of rocket technologies revolutionized
space exploration by enabling the deployment of payloads beyond Earth’s atmosphere,
including observation instruments. However, it was the launch of the Sputnik 1 in 1957
that truly inaugurated the age of space exploration, symbolizing humanity’s first foray

into the universe beyond our planet’s confines.

In this introduction, the evolution from early satellites to contemporary CubeSats is
explored, highlighting the necessity of on-board propulsion systems to mitigate inherent
drawbacks in these spacecrafts. Furthermore, among the propulsion systems available,

the case of the electric propulsion, specifically the electrospray propulsion, as a promis-
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ing solution will be presented. Finally, the importance of employing specific technologies
for electrospray thrusters development will be elucidated, providing a framework for the

ensuing research discussion.

1.1 From large spacecrafts to CubeSats

The dawn of the space age can be traced back to the late 1950s and early 1960s, high-
lighted by the launches of satellites like the Soviet Union’s Sputnik 1 and the American
Explorer 1 [, 2]. These pioneering satellites were not fully functional spacecraft but
served as initial experiments to prove that objects could be successfully placed into orbit.
In contrast to the spacecraft that succeeded, these early satellites were relatively limited
in scale.

Historically, space missions have been characterized by heavily on large and sophisticated
spacecraft. Such missions demanded extensive engineering teams, considerable financial
resources, often provided by huge institutions such as NASA or ESA, long development
times, and advanced infrastructure. They were designed for a variety of missions, mini-
mizing the cost per kilogram of payload and to house multiple measurement instruments.

However, this frequently resulted in interference among them, causing operational issues.

In the late 90s, the space industry experienced a paradigm shift. Alongside a peak in the
mass of satellites launched [3], there was a growing interest in small spacecraft. Advances
in technology made it possible to miniaturize satellites using low-cost and low-power

Commercial Off-The-Shelf (COTS) components.

-
< Y
Y A
r ' 4

/)

<

W
Picosatellite Nanosatellite Microsatellite Small/Medium Satellite
(0.1 - 0.99 kg) (1 -10kg) (10 - 100 kg) (100 — 1000 kg)

Figure 1: Satellite size classification.

This led to the standardization of the CubeSat, a unit measuring 10 cubic centimeters with
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a mass around 1 kg [4-7], which directly resulted from this increasing interest. Initially,
CubeSats were intended for educational purposes or scientific demonstrations that could
be completed in a short period. As CubeSats became more advanced, they demonstrated
their viability as cost-effective platforms with significant scientific and economic potential.
Moreover, constellations of CubeSats can provide continuous global coverage, redundancy,
and rapid response capabilities that are difficult to achieve with a single large spacecraft.
This newfound utility drew the interest of smaller organizations. The versatility and
affordability of CubeSats have made them an attractive technology, leading to a rapid

increase in the number of small satellites launched in recent years (Fig. @)

Total nanosatellites and CubeSats launched

nanosats.eu
2604

2600 === Nanosats launched incl. launch failures
' CubeSats launched incl. launch failures
2400 CubeSats deployed after reaching orbit
Nanosats with propulsion modules
2200 === CubeSats launched to beyond LEO
CubeSats launched in total units

p» 2396

2265
2187
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Figure 2: Total number of launched nanosatellites and CubeSats since the end of the 90s

from Nanosats Database.

However, CubeSats also encounter significant challenges. Their compact size restricts
their power, communication bandwidth, and payload capacity [8]. Additionally, their
shorter operational lifespans, related with attitude control, and the risk of contributing
to space debris are major concerns [9]. Many CubeSats lack propulsion systems, which
are critical for maneuverability and deorbiting, thereby improving operational longevity
and reducing space debris [10-12]. This absence limits their flexibility and potential ap-

plications, presenting a significant challenge for the future development of small satellite
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technology. Ongoing advancements in CubeSat technology aim to address these issues,
enhancing their capabilities and expanding their range of applications.

Despite these constraints, not all propulsion systems are suitable for use in small space-
craft. These systems must be optimized for low power consumption and compact size to

be effective [12].

1.2 Basics on Space Propulsion

Propulsion systems can be highly complex, involving intricate calculations related to fluid
dynamics and efficiency, among other factors. However, like many fundamental concepts
in applied physics, propulsion is based on Newton’s third law. When thrust is generated
by expelling mass, also called propellant, the system accelerates in the opposite direction
with minimal interaction due to the vacuum of space minimizing external forces. This
expulsion of mass is known as thrust and is expressed as:

d

F = a(mv) (1.1)

Taking into account that the mass is expelled at a constant rate, we determine that
m = —dm/dt, and that the velocity at which it is ejected, called exhaust velocity, is v., we

can rewrite as:

F =1, (1.2)

Considering that we are in vacuum, by conservation of momentum, we express the well-
known classical rocket equation :
dp dv dm -d

m
%—m%JrvEJr o (v-1)=0 (1.3)

Isolating the terms the equation is simplified as equation @:
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L. (1.4)

By integrating the equation terms , we obtain the well-known Tsiolkovsky rocket equa-

tion @:

Av m
dvz—ve/ 7 dm (1.5)
0 mo m
A
“ - zn(@) (1.6)
Ve my

In Eq. , Av term represents the total change in velocity that the rocket can achieve,
mg is the initial mass including the entire mass of the rocket at the beginning of the
propulsion, comprising both the rocket’s structure and the total mass of the propellant,

and my represents the final mass of the rocket after all the propellant has been consumed.

The properties for each space mission are unique depending on its main purposes. There-
fore, Eq. @ can be written in terms of the propellant required for a given Av, resulting

in Eq. @ In this way, mission design and optimization is facilitated.

mp=m0<1—e_%) (1.7)

Hence, it is clear that the exhaust velocity (v.) significantly influences the efficiency of
the propellant. The specific impulse (Iy,) measures this efficiency, as described by Eq.

@, in terms of the standard acceleration due to gravity, go.

U
I, =-2 1.8
o (1.8)

By isolating v, term from Eq. @ and substituting it into the mass ratio equation, , a
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modified Tsiolkovsky rocket equation is derived as Eq. .

Av
my =My (1—6151’90) (1.9)

Equation @ reveals that I, has a significant effect on the mass of a rocket system, partic-
ularly in how much propellant mass is required for a given mission. A higher I, means a
more efficient engine, which translates to higher effective exhaust velocity as the exponent

is reduced. Consequently, the initial mass mg decreases, meaning less propellant is needed.

Building on the previous result, the efficiency of the system is a key parameter to know
the capacity to obtain a useful kinetic energy to propel the spacecraft through a power
source. Propulsion efficiency (n,) is defined in Eq. as the ratio of the kinetic energy
of the exhaust (Ej) and the power supplied by a source (P).

my= k= (1.10)

The efficiency of a propulsion system is influenced by various factors, including the type of
propellant, the design of the rocket nozzle, and the operational conditions of the engine.
Propellants can vary widely in properties and define the mechanism that will supply a

power to generate thrust.

1.2.1 Propulsion systems

Propulsion systems vary greatly based on the mechanism used to produce thrust [10-12],
including chemical, nuclear, solar or electric. Chemical propulsion systems, generate
thrust using chemical energy stored within propellant bonds. Through chemical reac-
tions, energy is released by breaking those bonds. The reaction products generated are
accelerated and produce thrust. These type of systems include: (i) solid propellants, which
are straightforward and reliable but lack throttle control; (ii) liquid propellants, which
offer higher efficiency and control at the cost of complexity; and (iii) hybrid propellants,
which are safer than liquids systems but less efficient [13-16].
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pressurized

propellant

Figure 3: Chemical propulsion schematics [[12].

Nuclear propulsion systems employ nuclear reactions to generate heat or electricity for
thrust purposes. Nuclear thermal propulsion systems perform a high specific impulse and
thrust despite the technological challenges that surround these systems. In the other
hand, nuclear electric systems have a high efficiency but require a significant power and

a complex technology [17-19].

In addition to conventional propulsion systems that generate thrust by accelerating prod-
ucts from reactions, novel propulsion model applying physical mechanisms through pho-
tons have emerged. Among those, solar sails and laser propulsion can be found. Solar
sails employ the sunlight to generate thrust, which is an infinite power source. However,
this technology produce very low thrust [20-22]. In the other hand, laser propulsion uses

external beams to exert pressure in a sail, but requires high power laser technologies [23].

On the other hand, electric propulsion systems employ electrical energy to accelerate
propellant ions. The devices designed and manufactured in this project belong to a spe-
cific type of electric propulsion systems, so they will be described more extensively in the

following section.

1.3 Electric Propulsion

Although traditional propulsion systems are predominantly based on chemical propulsion,
electric propulsion has emerged as a disruptive alternative technology due to its remark-
able capabilities. Unlike chemical propulsion systems, electric propulsion systems obtain
the necessary energy through an external source. The propellant is chosen exclusively for

its mass and electric properties, and the particles are accelerated using applied electrical

23



power. Consequently, the thrust produced is limited by the available electrical power that
the source can provide.

Despite this limitation, electric propulsion systems are extremely efficient. They can ac-
celerate the propellant species to high exhaust velocities, resulting in higher I, values
with respect to previous systems [12,24]. This allows them to operate over a broad range

of specific impulses without compromising system efficiency.

Since the supplied power is electrical, the acceleration of the propellant can be finely
controlled. This contrasts with chemical thrusters, where chemical energy is fully con-
verted into kinetic energy, with a significant portion lost as heat. Electric propulsion
systems provide lower thrust over longer periods, which is ideal for gradual but precise
changes in velocity. This continuous thrust capability enables spacecraft to perform fine
adjustments and maintain optimal orbits with minimal propellant consumption. Efficient

use of propellant directly correlates with the need for less propellant to achieve the desired

Av.

These properties make electric propulsion systems optimal for small spacecraft. The
low power levels at which they can operate are compatible with those generated by small
satellites. Additionally, the continuous use of small amounts of propellant makes them
highly efficient without significantly impacting the satellite’s payload. Furthermore, elec-
tric propulsion systems are highly scalable, meaning they can be designed to operate over
a wide range of power levels. This scalability makes them suitable for small satellites,
such as CubeSats, which typically have limited power budgets derived from small solar

panels or batteries.

1.3.1 Types of electric propulsion systems

To fully understand the advantages of electric propulsion, it is crucial to know the different
types of electric propulsion systems available. Each type employs a unique mechanism to
ionize and accelerate the propellant, offering different performance characteristics suited

to specific mission requirements. These systems can be classified as electrothermal, elec-
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tromagnetic and electrostatic. [25].

Electrothermal systems utilize electrical energy to heat a propellant within a chamber.
This heating process causes the propellant to expand into a gas, which can be either
neutral or ionized. The gas then exits through a nozzle, converting thermal energy into
kinetic energy to generate thrust [26]. Arcjets and resistojets are common types of elec-
trothermal thrusters. In arcjet thrusters, a continuous electric current flows between two
electrodes of opposite polarity, creating an electric arc that heats the propellant [27]. The
temperatures achieved by the electric arc are significantly higher than those produced
by a heating coil, resulting in a higher specific impulse compared to resistojets. Arcjets
can achieve specific impulses 2 to 3 times greater than those of chemical thrusters. How-
ever, arcjets are often plagued by low efficiency and substantial heat losses, which can
impact overall performance and the durability of thruster materials [28]. Resistojets, on
the other hand, heat the propellant to high temperatures using electrical energy before
releasing it under pressure [29]. The pressurized, heated propellant then expands through
a converging-diverging nozzle, accelerating it to produce thrust. Both arcjets and resis-
tojets face challenges related to energy losses in the form of heat, which can affect the

materials used in the thrusters and the available power for propulsion.

gas (@KD %Exhaust

a) Resistojet b) Arcjet

Figure 4: Electrothermal systems schematics: a) resistojet thruster and b) arcjet thruster

[12).

Electromagnetic thrusters use electromagnetic fields to ionize and accelerate the propel-
lant, necessitating high power levels for operation [26]. This category includes pulsed
plasma thrusters (PPTs) and magneto-plasma-dynamic (MPD) thrusters. Pulsed plasma

thrusters generate a magnetic field between two electrodes situated in the exhaust nozzle.

25



Electric current pulses ignite the gas into a plasma, which is then expelled to produce
thrust. MPD thrusters, considered the most powerful electric thrusters, generate a mag-
netic field within a coil [B0]. Combined with an electric current, this setup induces a
Lorentz force that directs and accelerates the plasma. Both PPT and MPD thrusters
achieve high specific impulses, making them highly efficient in terms of propellant con-
sumption. However, several drawbacks limit their application in satellite propulsion.
These include high power requirements, material degradation from plasma interactions,

system complexity, and lower overall efficiency compared to other types of thrusters.

Igniter
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PTFE 19
velocity

Figure 5: Electromagnetic systems schematics: Pulsed Plasma Thruster [[12].

Electrostatic systems rely solely on electric power to ionize the propellant [26]. The re-
sulting ions are then accelerated by the electric field created between two electrodes. Es-
tablished systems in this category include Hall effect thrusters and Gridded Ion Thrusters
(GIT), with newer technologies like Field Emission Electric Propulsion (FEEP) systems
and electrospray systems also gaining recognition. Hall effect thrusters operate based on
the Hall effect [31]. In these thrusters, the propellant is ionized and then accelerated to
high velocities as it moves through an electric field within a channel, which is oriented
perpendicular to a magnetic field. The primary function of the magnetic field is to direct
the electrons and prevent them from spinning and shortening [32].

GIT systems generate ions by bombarding the propellant with an electron beam, which
can be produced through direct current (DC), radio frequency (RF), or microwave meth-
ods [B3]. The generated ions are then expelled through a series of grids with an applied
potential difference. The ionization efficiency of these devices depends on the propel-
lant and current used. The efficiency of Hall thrusters is generally lower than for GITs.
They often produce higher thrust for a given power and require less demanding power

supplies [32]. However, these systems face challenges such as the miniaturization of cath-
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odes for electron supply and the difficulty in manufacturing components that are highly

resistant to erosion.
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Figure 6: Electrostatic systems schematics: a) Grided Ion Thruster and b) Hall thruster

[12).

FEEP and electrospray technologies share similar principles for accelerating generated
species, relying on a constant electric field for this purpose. However, they differ in
how they produce the charged particles. FEEP systems use liquid metals as propellant
[@—@], whereas electrospray systems use ionic liquids [@] Both technologies utilize
sharp emitters to generate a strong electric field that deforms the liquid into what is
known as a Taylor cone [38]. Once the electric field exceeds a certain threshold, the
charged species are ejected. Due to the nature of the propellants used, these systems do

not require ionization processes, making them particularly suitable for miniaturization.

H
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Figure 7: Electrostatic system schematics: Electrospray/FEEP []
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1.3.2 Electrospray propulsion systems

Electrospray has emerged as a highly attractive technology in many fields, including
ink-jet printing [39,40], drug delivery [41], 3D printing [42], disinfection and air purifica-
tion [43,44], focused ion beam (FIB) and etching [45,146], mass spectrometry [47], fire-
fighting [48-b0] or space propulsion [10-12], among others. Electrospray-based thrusters
are a type of electrostatic propulsion systems that exploit electrospray physical phe-
nomena. These emitters consist of one or several emitting structures in the micro and
nanoscale, typically conical or ending in a sharp point. The primary reason for use these
architectures is that electrostatic principles allow for the efficient generation of extremely

strong electric fields over these small pointy surfaces.

These systems employ ionic liquids (ILs) as propellants. These liquids, also named molten
salts, are organic salts that are generally liquid below 100°C. ILs demonstrate thermal
stability across a wide temperature range, allowing their use in high-temperature applica-
tions. They generally decompose thermally before reaching their boiling point at elevated
temperatures. In contrast to conventional molecular solvents, ionic liquids are composed
entirely of ions and have a net charge of zero. Their unique properties include low vapor
pressure, high electrical conductivity, low volatility, non-flammability, and a broad range
of electrochemical stability, making ionic liquids exceptional candidates for various appli-

cations [51].
Electrospray emitters feature different architectures based on the method used to trans-

port the propellant to the active zone where emission occurs. These include porous

emitters, capillary emitters and externally wetted emitters.
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Figure 8: Electrospray emitters architectures based on propellant transport []

Porous emitters employ materials that include a network of fine pores that allow propel-
lant flow through capillarity effects [,@] Under a strong electric field, the ionic liquid
shapes a Taylor cone in the active zone, resulting in the emission of charged particles. The
pores play a key role in emission control by regulating the flow rate, so material selection
is important to achieve the desired emission parameters. Common materials employed
include metals such as nickel and tungsten, as well as ceramics and sintered materials.
Porous systems produce stable emission maintaining a consistent flow due to capillarity
effects.

Capillary-type emitters use needle-shaped or cylindrical structures with pipes made from
conductive or semiconducting materials [@] These channels allow the flow of ionic liquid
to the emission region through capillarity. The channel diameter enables precise con-
trol over the propellant’s flow rate, thereby regulating the emission. Such systems are
preferred for their ease of manufacturing and simplicity, which make them particularly
suitable for small-scale applications prioritizing precise emission control. However, these
systems are prone to clogging issues.

Lastly, externally wetted emitters are characterized by tapered structures, where the pro-
pellant flow is facilitated across the surface through wicking using roughness or smaller
features such as black Si or nanowires [@, @] Similar to capillary-type emitters, these
systems are typically made of conductive or semiconducting materials. Externally wetted
emitters enable larger emission surfaces and higher flow rates compared to the previous

systems. The emission performance depends on the number of emitters and properties
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of the features that compound the wetting solution, such as their height and diameter.
These emitters offer enhanced robustness and higher thrust levels due to their engineered
features, as them are not intrinsic properties of the employed material. Despite it, achiev-

ing uniform wetting and homogeneity on the emitting surface can be challenging.

Controlling the emission of charged particles is crucial for optimizing the thruster perfor-
mance, depending on the specific maneuvers or functions they are designed to execute.
As previously mentioned, the ejection of particles is influenced by parameters such as flow
rate, applied voltages, and emitter architecture. Consequently, these parameters must be
tailored to meet the desired specifications. In electrospray systems, the emission regime
can be classified into three primary types based on the particles ejected: droplet, ionic,
and mixed regimes. Each type offers unique characteristics suited to different applica-
tions.

Droplet emission regime involves the emission of charged liquid droplets. This occurs at
lower applied potentials, where the electric field does not significantly affects the liquid’s
surface tension to produce ions. In this emission, a substantial thrust is generated due to
the mass of the expelled droplets, making it suitable for maneuvers that require moderate
thrust levels [57,58].

In contrast, the ionic regime is composed entirely of ions. At higher voltages, the gener-
ated electric field is strong enough to extract ions directly from the liquid. Also known as
Pure Ionic Regime (PIR), this type of emission is characterized by a high exhaust velocity
and a high I, leading to more efficient propellant consumption [59]. Therefore, is ideal
for precise maneuvers and to maximize the duration of the propellant.

Lastly, the mixed emission regime involves both droplets and ions emissions. This inter-
mediate regime takes place at potentials high enough to pull off ions from the liquid while
still emitting droplets, enabling emissions of both species simultaneously. This adaptabil-
ity makes the mixed regime especially useful, offering a balance of the benefits found in
the aforementioned regimes. This regime can be tailored to suit various mission stages,

delivering both moderate thrust and accurate control when required.
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Electrospray thrusters offer significant advantages over other electric propulsion systems
discussed earlier. As previously mentioned, their architectures and propellant trans-
port are simpler and more straightforward compared to complex systems like Hall effect
thrusters. This simplicity in design and fabrication reduces complexity and cost. Ad-
ditionally, the different emission modes allow for efficient propellant control and precise
thrust, making these systems suitable for a wide range of maneuvers. Their compact
size and low power requirements make them particularly ideal for small spacecraft and
CubeSats.

Despite these advantages, there are still challenges that must be overcome to fully exploit
the potential of this technology. Electrospray thrusters lifespan is limited due to degra-
dation and erosion caused by factors such as electrochemical reactions of the propellant,
overspray or electron backscattering. Therefore, optimizing emission control, geometrical
features, and the correct selection of the materials and propellants, are key for maximizing
the efficiency and performance of these propulsion systems [60-62]. Furthermore, even
though their design and fabrication are simpler compared to other systems, miniaturizing

these devices remains a challenge that requires advanced microfabrication techniques.

1.4 Microelectromechanical systems

Microelectromechanical systems (MEMS) are miniaturized devices that incorporate both
mechanical and electrical features, with sizes ranging from few centimeters to microm-
eters [63-65]. These devices evolve directly from micromachining technologies initially
used for integrated circuits and actuators. Driven by the need to reduce size and costs,
MEMS offer enhanced functionality and portability. These innovative tools bridge the
gap between nanotechnology and macroscale applications, enabling local functionalities

that were previously unattainable with traditional methods.
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Figure 9: Scale bar for size magnitudes ranging from angstroms (A) to centimeters (cm),
illustrating the relative dimensions of atomic structures, microscopic features, and macro-

scopic objects.

The development of MEMS requires the use of advanced microfabrication techniques
typical of semiconductor manufacturing. These techniques include, among others, pho-
tolithography, dry and wet etchings, doping, thin film deposition, and lift-off processes.
Microfabrication enables the exploitation of diverse materials such as silicon, polymers,
metals, and ceramics, thereby providing great versatility for applications across multiple

fields [@f@] MEMS are extensively used in sensors and actuators [@], radio frequency
(RF) devices [@], biomedical applications [@,@], and even space technologies [«@]
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(a) Micromotor (b) Accelerometer

Figure 10: Scanning Electron Microscopy (SEM) images for MEMS devices: a) a micro-

motor and b) an accelerometer [@]
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One of the primary advantages of MEMS is their size-related benefits, which position
them as potential solutions to various technological challenges. Their capacity of minia-
turization allows MEMS to be highly adaptable across many fields, as they can achieve
extremely small sizes ideal for applications requiring high portability. This miniaturiza-
tion also results in low energy consumption, enhancing their efficiency. The integration
of electrical and mechanical components within a single device improves precision and
reliability, while also enabling cost-effective mass production through microfabrication
techniques. Moreover, due to the large surface area to volume ratio of MEMS, physical
properties such as electromagnetics and fluid dynamics significantly influence their design
at these scales.

However, MEMS also face certain disadvantages. The design and fabrication of these
devices are complex, requiring careful consideration of downsizing factors, which can
compromise their durability and strength. Additionally, the small size of MEMS imposes
limitations on the forces and energies they can handle, restricting their application in

some high-power scenarios.

This technology offers a promising solution for propulsion in small spacecraft. The char-
acteristics of MEMS allow their efficient use with small power inputs, as their microscale
properties eliminate the need for a large energy source. Furthermore, their compact size
does not compromise the integrity of the satellite, ensuring that the payload remains

unaffected.
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Chapter 2






2 Electrospray

Electrospray technology, an innovative method of generating fine aerosols through the
application of high voltage to a liquid, has found extensive applications across multiple
scientific and industrial fields. Its versatility and precision have made it a valuable tool
in areas ranging from mass spectrometry [47] to drug delivery [41] and materials science
[89,40,42,145,46]. This section digs into the fundamental principles underlying electrospray,
including the electrostatics governing the process, the formation and dynamics of Taylor
cones, the mechanisms of species emissions, and the fluid mechanics involved. By exploring
these core topics, this section aims to provide a comprehensive understanding of the

physical phenomena driving electrospray technology and its diverse applications.

2.1 Fundamental physics

2.1.1 Electrostatics

Electrostatics explains the interaction between stationary electric charges, playing a cru-
cial role in the operation of electrospray systems.
Coulomb’s law, Eq. El!, is the fundamental principle that expresses this interaction be-

tween charges through the electric force generated.

|
dmey T2

In equation El], F represents the force, ¢y is the vacuum permittivity, ¢g; and ¢, are the
charges, and r the distance between them. The generated forces are responsible for the
emission of charged droplets or ions from the apex of the cone. Understanding these forces
is essential for optimizing electrospray performance, as they influence the stability, size
distribution, and velocity of the emitted species, directly impacting the system’s efficiency

and effectiveness in various applications.

The interaction between charges is finite, making the mathematical understanding of
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These forces can be described differently by assuming that each

the forces complex.
charge generates a perturbation in the space through which they interact. This pertur-

bation is known as a field. Electric field, E, is defined as the force exerted per charge unit.

E = (2.2)

<y | My

By isolating the parameter F'in equation @, and substituting it into equation @, E for

a punctual charge can be expressed as:

L ar (2.3)

4dey 12

E =

Although these charges are considered punctual, depending on their concentration in

space, is convenient to express them as continous distributions. These distributions can

be linear (Eq. ), superficial (Eq. ) or volumetric (Eq. )

A7) = % (2.4.1)
o(r) = % (2.4.2)
p(7) = % (2.4.3)

So, by isolating d() from the above equations, and replacing it in equation @, the electric

field for different charge distributions can be defined as

- 1

E= A7) —dl 2.5.1
dmeq Jr (T)?"Q (25.1)

- 1 1

E = r)— 2.5.2
4meg .[SO-(T)T ds (25.2)

- 1 1

B- f p(7)—=dV (2.5.3)
dmey Jy r
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In systems characterized by more intricate charge distributions, the principle of superpo-
sition is applied, establishing that the overall electric field at any given point is the vector

sum of the individual electric fields produced by each point charge:
Et;tal = Z En (26)
n=1

Despite the electric field itself is intangible, its effects can be represented through the
concept of electric field lines. These lines provide a representation to understand the
direction and intensity of the electric field generated in the space surrounding charges.
In other words, electric field lines are a conceptual tool used to visualize the behavior of
the electric field upon other charges. The direction of the lines indicates the direction a
positive test charge would move if placed in the field, while the density of the lines reflects

the field’s intensity, i.e., a greater number of lines per unit area signifies a stronger field.

The behavior of the electric field is most accurately described by Gauss’s law, which
expresses the electric flux through a closed surface to the charge enclosed within that

surface as follows:

Ed/_{ _ Qtotal
2)% €0

(2.7)

In equation @, E denotes the electric field, dA is a vector representing an infinitesimal
element of the surface area pointing outward, Q. is the total charge enclosed within the
volume, and ¢, is the vacuum permittivity. Gauss’s theorem enables the determination of
electric fields for systems with significant symmetry. Equation @ can also be expressed

in terms of the divergence, V, of the field:

jngdflzfv(v-E)dV (2.8)
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Given the equation , equation @ can be redefined,leading to Maxwell’s first law.

v.E=L (2.9)

€0

According to Gauss’ law, the total electric flux through a closed surface is proportional
to the charge enclosed within the surface. Inside a perfect conductor material, the elec-
tric field must be zero due to charge movement to cancel it. Outside the enclosure, the
electric field is non-zero and points straight out, perpendicular to the surface. Through
Gauss’s law, the flux outside the enclosure is E. fl, where A is the area of a zone at the
interface of the conductor. The flux is equal to the surface charge density, p, divided by
the vacuum permittivity, ¢y. Hence, the field is perpendicular and depends on the surface
charge density. Otherwise, it would cause charge movement along the surface, breaking

the electrostatic equilibrium.

Electric potential (¢) is a key parameter for generating the electric field required for
emission. Understanding the potential electric field interactions helps to explain the work
done by electric forces and the movement of charges within different configurations. It is
defined as the work required to move a unit charge from one point to another within an

electric field.

5= (2.10)
q
Hence, from equations @ and :
H(7) = - f EdL (2.11)
c

Given that the electric field is conservative, i.e., V x E = 0, the work exerted by a conser-

vative force does not depend on the trajectory. The gradient theorem allows to define then:
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~Vo=E (2.12)

Equation define that F points in the direction where the potential decreases faster,
being the magnitude of the filed proportional to the change in potential. By relating
equations @ and , the well-known Poisson equations is obtained, relating the electric

potential and the charge distribution in space.

Vip=-— (2.13)
€o

Electrostatically, electrospray-based thrusters can be understood as capacitors. A capac-
itor stores energy in the form of electrical charge on two conductive plates separated by
a dielectric. In the electrospray thruster, the ions generated in the emitter can be seen as
the “charge accumulation” in the emitter, similar to how the plates of a capacitor store
charge. The distribution of the charges along the emitter system is a function of the
distribution of the generated electric field, playing an important role in the emission of

the species.

2.1.2 Taylor cone

Electrospray is a phenomenon wherein charged particles, ions and droplets, are gener-
ated and accelerated from a liquid when subjected to a sufficiently strong electric field.
This emission process occurs in sharp architectures governed by the interplay of electro-
statics and fluid dynamics [38]. The electric field exerts a force that deforms the liquid
surface into a structure known as meniscus, counteracted by surface tension striving to
maintain a spherical shape. As the electric field strength increases, the meniscus under-
goes a hydrodynamic transformation, ultimately adopting a cone-like shape known as a
Taylor cone [38,[79]. At this stage, the electric field force balances and eventually over-

comes the surface tension, leading to the emission of charged species from the ionic liquid.

The traditional approach to understanding Taylor cone formation involves considering
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a droplet within a capillary tube subjected to an electric field. However, electrospray
systems can vary significantly in their propellant transport mechanisms, necessitating a
broader perspective. For instance, systems with a planar liquid surface subjected to a
uniform electric field—without confinement to specific geometries-are of particular in-
terest. In such scenarios, the liquid surface interacts with the applied electric field E,
with the surface tension () working to keep the surface flat. Simultaneously, the electric
field imposes stresses on the surface, causing it to deform and potentially lead to the for-

mation of a Taylor cone. The electric field exerts a pressure, Pg, over the surface given by:

_ €0E2
2

Pg (2.14)

Equation describes the pressure due to the electric field in the normal direction. It
is obtained through Maxwell stress tensor, T =¢ (E ®F - %EQf ), where E is the electric
field vector, E is the electric field modulus and I the identity matrix. For a uniform
electric field, only the term operated by the dyadic product matters, giving Pr = eqE?.
This value represents both compressive and tensile stress components. For an electro-

static equilibrium, the surface experiences only the tensile stress, which is half of the total

stress, expressed in Eq. .

Simultaneously, the exerted force due to surface tension is defined by the Young-Laplace

equation:

1 1
-Pliquid:rY(R#l'i' E) (215)

where R; and Ry Equation are the principal radii of curvature of the surface. Con-

sidering a conical deformation of the surface, Eq. can be approximated to:

2
Piguia ® % (2.16)

Hence, in equilibrium, equations and are equal, balancing each other as New-
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ton’s third law describes:

_ (2.17)

From equation , the electric field term can be isolated to obtain the critical field
strength (E.) to form a Taylor cone:
Ay

E.=+/—L 2.18
"z (2.18)

Equation demonstrates that the electric field strength required to shape a Taylor cone
increases with surface tension and decreases with the radius of curvature at the cone’s tip.
Therefore, the stability of the Taylor cone is influenced by various parameters, including
the flow rate of the liquid, the electric field strength, and the properties of the liquid such

as viscosity and conductivity.

The cone forms when the electric field overcomes the surface tension, causing the lig-
uid to elongate and emit a jet from the cone’s apex. This jet can break up into fine
droplets or form a continuous stream, depending on the operating conditions. The on-
set voltage (V) is a crucial parameter that determines the initiation of the electrospray
process. It is the minimum voltage required to create a sufficiently strong electric field
to overcome the surface tension of the liquid, leading to the formation of a Taylor cone
and the subsequent emission of ions or droplets. Establishing that for a sharp emitter,
the electric field takes into account the distance D between the emitter and the counter
electrode, it can be described as:
Vo

EFrn—2>0 2.19
RIn(22) (2.19)

From Eq. and , the onset voltage (Vp) is expressed as:
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4vR 2D
Vo=v/—In|— 2.20
° €0 n( R ) (220)

Equation is composed by v as the liquid’s surface tension, D as the distance between
electrodes, R being the cone radius and ¢y as the vacuum permittivity. This expression

reveals the dependence between emitters performance and its geometrical features.

Typically, the half-angle of the Taylor cone is 49.3 degrees [38,[79]. It is derived from
a balance of forces in the electrohydrodynamic equilibrium. This specific angle is a result
of the interaction between the electric field and the surface tension forces. Deviations
from this angle can occur due to non-ideal conditions, such as non-uniform electric fields

or variations in liquid properties.

2.1.3 Species emission

Subsequent to the formation of the Taylor cone, the electric field intensity at its apex
reaches a maximum, resulting in significant electric stress within the liquid. The Taylor
cone sharpens the liquid to a point where the radius of curvature (R) approaches to zero.
This extreme sharpening facilitates the emission of charged particles, which may manifest

as either ions or droplets, depending on the specific conditions of the system.

In the droplet emission mode, the fluid generates small charged droplets. This process
occurs when the Taylor cone transitions into a jet of droplets at a critical radius where
charge convection within the fluid surpasses electrical conduction. The instability gener-
ated under these conditions leads to the ejection of droplets from the apex of the cone [79].
The stability of the emitted droplets can be controlled by their size. As these droplets are
formed via the electrospray process, they inherently carry an amount of electric charge.
The electrostatic forces arising from these charges act to elongate and destabilize the
droplets, while surface tension works to maintain their equilibrium. The maximum charge
(Qr) that a droplet of radius r can sustain before becoming unstable is defined by the
Rayleigh limit (Eq. ) Beyond this limit, the droplet becomes susceptible to fission
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due to Coulombic repulsion, leading to the breakdown of the droplet into smaller frag-

ments.
QR :87T\/ 60’7’/“3 (221)

From equation it can be determined that the Rayleigh limit can be found when the
surface tension force and the electrostatic repulsion force are approximately equals as:

Q%

€or?

(2.22)

T

The electrostatic forces overcome the surface tension, causing the droplet to undergo
Coulomb fission. This process involves the droplet splitting into smaller droplets, each
carrying a portion of the original charge, thereby reducing the electrostatic repulsion and
restoring stability. The relationship between charge and stability is crucial for applica-
tions requiring precise control over droplet size and charge, such as in mass spectrometry

and propulsion systems.

The ionic regime occurs under high electric field conditions, where the electric field
strength at the apex of the Taylor cone is sufficiently strong to directly pull individ-
ual ions directly from the liquid surface.

This emission mode can be explained by the field evaporation model, which describes
how the applied electric field reduces the energy barrier for ion evaporation. Under these
high-field conditions, the energy required for ions to escape from the liquid surface is

significantly lowered, allowing them to be pulled directly into the gas phase.

I = noe(_’“s%)e(‘fBE%) (2.23)

In equation , ng is a parameter which represents the density of emission sites and the

frequency of ion attempts to escape, W is the energy needed to remove an ion from the
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liquid surface, [ is a field enhancement factor, kg is the Boltzmann constant and 7' the
temperature. Under normal conditions, ions from the liquid are stabilized by solvation
and surface tension. However, a sufficiently strong electric field (E.), exerts a force on
these ions, reducing the energy needed to be ejected. Ion emission takes place from a

critical electric field which is usually around 1 V/nm for ionic liquids [80, 81].

Particle emission in electrospray systems—whether in droplet, ion, or mixed regimes—is
strongly influenced by several key factors such as the electrical conductivity of the propel-
lant, the strength of the electric field, and the flow rate of the system. These parameters

interact in complex ways to determine the nature of the emitted particles.

The electric field plays a critical role in governing the emission regime. Higher elec-
tric fields tend to favor the ionic regime, as the intense field strength at the apex of the
Taylor cone enables the direct extraction of ions from the liquid surface. The magnitude
of the electric field achievable in a thruster is influenced by the applied voltages, which
are in turn constrained by the design and material limitations of other components within

the device, such as printed circuit boards (PCBs).

The flow rate control is equally important in determining the type of emission. In systems
with low flow rates, ion emission typically dominates because the limited flow results in
a Taylor cone that is highly concentrated at the apex, but insufficient to produce a con-
tinuous jet of droplets. Conversely, at higher flow rates, the propellant supply is ample
enough to sustain a Taylor cone that can emit species with measurable mass, leading to

the production of charged droplets.

Optimizing the performance and efficiency of electrospray-based systems hinges on several
factors, including electric field strength, propellant conductivity, and flow rate. Unlike
the electric field strength, which is constrained by the applied potential and the design
limitations of the system, and the propellant’s conductivity, which is an intrinsic prop-

erty of the material, the flow rate is a variable that can be independently controlled.
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This flexibility makes flow rate a crucial parameter in determining the emission regime
and, consequently, the overall effectiveness of the system. The following section aims to
describe the physics of fluid mechanics to optimize the flow rate, allowing precise control

of the emission characteristics and improving system performance.

2.2 Fluid mechanics of externally wetted systems

Effective control of propellant transport is crucial for optimizing the performance of elec-
trospray devices, as system efficiency is directly dependent on this parameter. The dif-
ferent electrospray systems, discussed in detail in Section , have distinct methods
for managing propellant transport, tailored to the type of wetting solution employed. In
porous systems, for example, the flow rate is primarily determined by the size of the pore
network. Capillary emitters rely on the dimensions of the capillaries to control transport,
while externally wetted systems adjust parameters such as diameter, height, or the num-
ber of structural elements used. In this project, a novel externally wetted emitter system
has been designed, utilizing a network of nanowires for propellant transport. This section

delves into the fluid mechanics governing the behavior of such externally wetted systems.

While several models exist to describe capillary performance and permeability in porous
media and micropillar arrays [82], these models are not universally applicable to all types
of propellant transport systems. The system developed in this thesis employs a nanowire
network, where the spacing between nanowires varies within a certain range due to fabri-
cation constraints, as detailed in Section @ Despite this variability, the network can be
approximated as a staggered pattern with hexagonal unit cells, where the nanowires are
separated by a distance S. This approximation allows for the analysis and optimization
of the propellant transport mechanism within the unique configuration of the designed

system.
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Figure 11: Schematic of the hexagonal unit cell of the nanowires network.

Figure EI depicts the pattern and different parameters, including the radius () and dis-
tance between nanowires (.5), that allows establishing a relation to obtain the number of
particles within the unit cell. It is well known that the angle in the edges of an hexagon
is 120°. So, it is clear that % of nanowire per edge can be found within the unit cell. Since
there is % nanowire per edge plus one nanowire at the center of the pattern, the unit cell
is composed of 3 nanowires.

Given that pattern, the area of the unit cell is A = 2rS, i.e., the area of a hexagon. Given
that, r = @S , the area of the unit cell can be determined in terms of S as:

A

= %382 (2.24)

Due to the inherent limitations of the fabrication process, achieving a perfectly ordered
nanowire system is not feasible. As a result, the equation M must be correlated with
an additional parameter: the density of nanowires per unit area. This density can be
effectively controlled through the fabrication technique employed, which in this case is
colloidal lithography [83,84]. Colloidal lithography leverages a suspension of particles
that include an amide positive radical, facilitating electrostatic interactions between the

particles and the negatively charged surface. By adjusting the dilution of this suspen-
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sion, the density of nanowires on the device surface can be modulated. This density is
defined as the number of nanowires within a unit cell divided by the area of that unit
cell. Understanding and controlling this density is crucial for optimizing the performance
of the nanowire network, as it directly impacts the efficiency of propellant transport in
the electrospray system.

2

N = N (2.25)

Nanowires are three-dimensional structures characterized by their height h and diame-
ter d. These parameters are critical to determine the propellant transport efficiency. A
greater nanowire height increases the volume of the propellant that can be transported
across the surface, enhancing the system’s overall capacity. Conversely, the diameter of
the nanowires influences the ease with which the liquid wicks through the structure. As
the diameter increases, the resistance to fluid flow also increases, making it more difficult
for the propellant to move through the network. To accurately assess and optimize the
transport efficiency, it is essential to consider the volume of nanowires per unit surface
area. The volume of nanowires within a unit cell is defined as follows:

g)Q _ 3 e (2.26)

VNWS=37ThT2=37Th( 1

Since the unit cell is defined as a unit area, we find that its volume is defined as:

Vet = 3—\2/55% (2.27)

By means of the equations and ,the solid volume fraction () is defined, repre-

senting the proportion of the total volume occupied by the nanowires within the unit cell.

md?

RN T

(2.28)
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Equation can be rewritten in terms of the density N as:

Nrd?
4

p(N) = (2.29)

The fluid transport within the emitter system developed in this thesis can be extrapolated
to that of a fibrous porous media [82,85,86]. In fluid dynamics, the permeability (K)
of a porous medium is a parameter that governs the flow of the propellant through the
material. The permeability measures the medium’s capacity to allow fluid passage, which
depends on factors such as pore size, shape, and distribution. In the externally wetted
system designed here, the spacing between two nanowires can be analogized to the pores
in a fibrous medium. This analogy allows us to apply existing mathematical models to
estimate the system’s permeability. Specifically, the model developed by Tamayol and
Bahrami for a staggered pattern in fibrous porous media provides a framework for calcu-

lating permeability [86], expressed as:

T s _ 2\/34,0
" Q16L¢&9 3505+ 3V ﬂ}
V9=

2

(2.30)

By applying equations and , the permeability (K) of the system an be deter-
mined as a function of the nanowire density AV. Although the overall permeability of the
system can be defined, it should be noted that the system is composed of both conical
and planar structures. In fluid mechanics, fluid flow through porous media is typically
described by Darcy’s law, Eq. , assuming homogeneous permeability in all directions.
However, due to the presence of conical and planar elements with potentially different
permeability characteristics, this complexity must be considered when analyzing the fluid

dynamics of the system.

vp=-Lg (2.31)

Equation describes the physics through the volumetric flux g, hydraulic gradient VP,
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viscosity pu and permeability K. It can be redefined taking into account that ¢ = 2/ A and
VP =dP/dL:

_KAdP

¢ wodL

(2.32)

Therefore, equation is further described as a function of the flow rate ) and the
ratio of the pressure difference as a function of distance. Given a planar surface with a
nanowire array, a microchannel of path L under an initial pressure F, is considered. So,

equation can be integrated between the limits 0 to L and from F, to P:

L P
\/~QdL:N/V£EédP (2.33)
0 Py

Resulting in the same equations as m but without differential notation.

Q:%%AP (2.34)

The correlation between an electric circuit and a fluidic circuit, as described by Ohm’s
law, allows the pressure difference (AP) to be defined as the product of the resistance to

fluid flow (R) and the flow rate (Q).

AP =QR (2.35)

By applying Darcy’s law, Eq. , and the definition of a fluidic circuit, Eq. , the

hydraulic resistance can be determined as a function of the relevant parameters.

R:%% (2.36)

Equation demonstrates that propellant flow resistance is inversely proportional to
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permeability. Hence, higher permeability indicates easier fluid flow, whereas lower per-
meability suggests smaller or more constricted pores, which impede fluid movement. In
an externally wetted system utilizing nanowires, fluid propagation becomes more difficult

as the density or diameter of the nanowires increases.

In a three-dimensional structure such as a cone, equation must be interpreted with

specific criteria tailored to the geometry of the structure.

K (9P 9P 0P
% or or 9 (2.37)
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Firstly, it is assumed the symmetry along the x-y plane, i.e., the system only varies along

the z axis as Fig. @ depicts.

h

Figure 12: Externally wetted emitter reference system for microfluidics mechanics.

Hence, equation is defined as:

K dP
=——— (2.38)
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By isolating the pressure differential as z function and by introducing the cone surface

area as height z and angle 6 function it can be expressed as:

ap _ p_ Q

P 2.
dz K 27zsinf (2.39)

Equation is integrated between the limits 0 to P for dP and between 2, and z; for

dz, establishing z; as the highest point of the structure and z; as the lowest point. r’

P z
- Q 11
dP = — —d 2.40
_/0 K 27sin® Jzy =z : ( )

poQ 20
P== In| = 241
K 27sinf n(zl) ( )

So, applying basic trigonometry, zy = h/cosf and z; = r/tanf can be expressed. For z;
it can be assumed an infinitesimal tip, dh = dz, obtaining the previous statement by

neglecting the angle functions:

P-=

htan@)

I
= | 2.42
K 27sinf n(TCOSQ ( )

Hence, the expression for Darcy’s Law of a conic surface can be expressed in terms of

hydraulic resistance (R) employing the Ohm’s Law analogy, , on Eq. .

14 htan@)
= | 2.4
I K2mrsind n(rcosG (2.43)

As for the planar surface, equation similarly reveals an inverse proportionality be-
tween hydraulic resistance (R) and permeability (K), indicating that higher permeability
facilitates easier fluid flow. Moreover, the dynamic viscosity (u) has a direct propor-

tionality, implying that fluids with higher viscosity encounter greater resistance as they

52



flow through the medium. The area and length parameters are adjusted to reflect the
conical geometry. The term sin(f) suggests that as 6 increases, the hydraulic resistance
decreases, allowing the fluid to flow more freely. However, it is important to note that the
experimental case differs from the idealized model described by the equation. The micro-
fabrication process used in this thesis cannot achieve perfect conical structures meeting
the precise properties required for emission. As a result, this model should be under-
stood as a theoretical framework rather than an exact representation of the experimental

system.
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3 Thesis objectives

The focus of this doctoral thesis lies at the intersection of, in-space propulsion for small
spacecrafts and MEMS engineering fields. This research area has attracted consider-
able attention due to its potential to address challenges faced by small satellites, which
are increasingly used in fields such as the Internet of Things (IoT), telecommunications,
weather and environmental monitoring, Earth observation, and national defense. Among
these potential solutions to improve operational longevity are precise control for orbital
positioning, attitude control and de-orbiting maneuvers for space debris reduction. On
the other hand, MEMS technology represents a promising avenue for developing compact,
reliable, and precise devices that offer low power consumption and cost-effectiveness. The
versatility of MEMS devices makes them suitable for various applications, including space

propulsion, where their small size and high performance are particularly advantageous.

Given the growing demand for advanced propulsion technologies, there is an urgent need
to deepen our understanding of MEMS-based space propulsion systems and to innovate
new techniques that can overcome the limitations of current methods. This thesis aims
to contribute with novel insights at the convergence of these two fields, seeking to bridge

existing knowledge gaps and push the boundaries of current technological capabilities.

The primary objective of this doctoral research is to design, fabricate, and character-
ize a silicon-based electrospray propulsion system for nano- and picosatellites. The re-
search is structured into several key phases. The initial phase involves the design of the
propulsion device, guided by the study of its physical properties, such as emission charac-
teristics and propellant management, through mathematical models and simulation tools.
Post-characterization analysis is then used to optimize the design. The fabrication of
the device leverages well-established silicon microfabrication techniques, including pho-
tolithography, etching processes, and scanning electron microscopy (SEM) inspections.
Additionally, innovative approaches such as colloidal lithography have been explored to

develop the nanowire network, which plays a key role in propellant transport. Finally, a
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preliminary characterization of the fabricated devices has been conducted to demonstrate
their functionality. This characterization has also validated the system’s physical prop-
erties, including emission behavior, the architecture of the emitting structures, and the

device’s durability over extended emission periods.

The outcomes of this doctoral research are expected to make several significant con-
tributions to the fields of MEMS technology and in-space propulsion systems. These

contributions include:

o Investigate electrospray-based thrusters and physics behind.

o Establishing a manufacturing process through microfabrication techniques for ex-

ternally wetted emitters devices in aim to its commercialization.
« Explore alternative manufacturing methods to improve its yield.

o Characterization of externally wetted emitters to understand its behavior and its

functionality.

This project has been carried out by IENAI SPACE, under the supervision of Dr. Javier
Cruz, and the Institute of Microelectronics of Barcelona (IMB-CNM, CSIC), within the
Nano and Microsystems department under Dr. Borja Sepilveda supervision. Throughout
this thesis, Raul Ramos-Tomaés has conducted his research, producing the aforementioned

devices and a scientific article published in ACS Applied Electronic Materials.
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4 ATHENA Thruster

The technology developed in this thesis is related to a cutting-edge propulsion system
known as ATHENA, which stands for “Adaptable THruster based on Electrospray for
NAnosatellites”. ATHENA represents a significant advancement in propulsion technology,
specifically tailored to meet the stringent demands of nano- and picosatellite missions.
The architecture of this system is being meticulously crafted with a focus on modularity,
integration, and scalability, enabling it to adapt to a variety of mission requirements while
maintaining high performance and reliability. The system’s modular design allows for the
seamless integration of various subsystems, allowing a wide range of customization based
on specific mission objectives and satellite configurations. In the following section, we will
delve into the detailed architecture of ATHENA, exploring each of its critical subsystems.
This in-depth examination will provide a comprehensive understanding of the propulsion
system’s design, the manufacturing processes involved, and how these elements contribute

to its overall performance.

4.1 Architecture

ATHENA is composed by interconnected systems designed to produce efficient and reli-
able thrust, as illustrated in Fig. @, which shows the overall architecture of ATHENA.
The core of ATHENA is the electrospray emitter device, which generates thrust by pre-
cisely controlling the emission of charged particles. This core unit is supported by several
essential subsystems that work to ensure optimal performance, which include: i) the
nanostructured emitters chip that controls the fluid to the emitters where the electric
field is concentrated, ii) the extractor grid, which plays a crucial role in biasing the lig-
uid and accelerating the charged particles to produce thrust; iii) the frame that enables
emitters/grid alignment, provides structural integrity and avoids flooding, and iv) the
propellant management unit (PMU), which enables the steady flow of propellant towards
the emitters. Additionally, the system is equipped with advanced control electronics,

specifically designed to maximize the thruster efficiency and responsiveness.
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The primary contribution of this thesis has been focused on the design, fabrication, and
optimization of the emitter device within ATHENA. Through these contributions, the
work has advanced the emitter’s capabilities in maintaining a stable and efficient thrust,

supporting ATHENA'’s objectives of high performance and reliability in thrust generation.

<+«—— FExtractor grid

—

<+—— Emitter + Frame

—

<+«— Thruster base

Figure 13: Exploded view of experimental ATHENA’s assembly.

4.1.1 Emitters chip

The emitter device is designed as an array of silicon microneedles arranged in a hexagonal
pattern, fabricated through silicon microfabrication processes. The microneedles are an
efficient structure for concentrating high electric fields, as detailed in section , making
them highly effective in inducing the emission process required in electrospray applica-
tions. This concentration of the electric field at the needle tips enables precise control

over particle emission, a critical requirement for efficient electrospray thruster operation.
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The surface of the system is nanostructured with an array of vertically oriented silicon
nanowires, whose height, diameter, and surface density are tunable. These nanostruc-
tures significantly increase the surface area to enhance the capillary forces that drive the
propellant flow, thus facilitating the spontaneous movement of the propellant towards
the emitter tips, where the electric field is concentrated. The emitters are connected to
the propellant reservoir through an array of feeding holes, each with a diameter of 100
pm. In the latest emitter chip model, as shown in Fig. @, these holes are arranged in
a star-like shape, a configuration specifically designed to optimize capillary action and

ensure efficient propellant delivery to the emitter structures.

Figure 14: Top-view SEM image from an emitter array.

Within the framework of this thesis, a emitters chip prototype has been designed and
developed incorporating 101 emitter microcone shape microneedles. The microcones have
a height of 190 ym and exhibit an increasing towards the tip, as a result of the employed
reactive ion etching technique. As we will see in Chapter E, control of the slop is critical
to ensure a correct emission pattern.

Additionally, the nanowires on the microneedles are characterized by diameters ranging

between 550-600 nm, heights of approximately 3 pm and a surface density of 0.7 NW /pm?.
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These dimensions are controlled by the fabrication techniques, which will be discussed in

detail in section @

Although the current configuration achieves effective performance, throughout this thesis,
alternative architectures have been explored, including increasing the number of emitters,
altering their geometric properties, and investigating alternative fabrication methods to
further optimize performance for various propulsion requirements. This adaptability en-

sures that the system can be tailored to meet the specific demands of different missions.

4.1.2 Extractor grid

The extractor grid is a layer that contains an array of holes aligned with the emitter
structures. Positioned in front of the emitter device, it functions as the upper electrode,
applying the necessary bias to generate an electric field that initiates particle emission,
and to accelerate the emitted species. Initially, the grid was fabricated from silicon wafers
with a thickness of 200 um, using a dry etching process. In the latest model, however, it
is manufactured from fused silica through a Selective Laser Etching method. This grid
features an array of 600 um diameter holes, and its top surface is metalized to enable its

function as the upper electrode.

The transition to silica was driven by its non-conductive properties, which eliminate the
risk of short circuits caused by ionic liquid accumulation. Such accumulation, arising
from overspray and off-axis emission phenomena, had been a concern in earlier designs.
By using fused silica, the grid ensures a more stable and reliable operation, critical for

maintaining consistent performance.

A voltage applied between the extractor grid and the ionic liquid triggers the electro-
spray emission and regulates the intensity of the emitted ionic current. These advances in
grid design, particularly the adoption of fused silica and selective laser etching, not only
improve the structural integrity and precision but also enhance the grid’s compatibility

with high-performance applications by mitigating operational issues linked to conductive
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materials.

4.1.3 Alignment frame

The frame is an auxiliary subsystem designed to facilitate the assembly and precise align-
ment of the emitter within the system. It also ensures the optimum separation distance
between the subsystems and prevents the propellant from spreading beyond the emit-
ter area, which could lead to short circuits in the system. The frame is composed of a
low-surface-energy, chemically, and mechanically robust polymer, ensuring stability and

reliability during operation.

Currently, the frame is manufactured using EpoTek 302-3M, an epoxy known for its me-
chanical strength, chemical resistance, and compliance with low outgassing requirements.
It is stable across the desired operational temperature range (-40 to 100 °C). The fabrica-
tion process involves replica molding from Polydimethylsiloxane (PDMS) masters, which
are derived from a multi-level SU-8 wafer prepared through UV lithography technique.
The frame accommodates both the emitter and grid, incorporating low-energy barriers to

prevent the propellant from escaping the active area, ensuring reliable performance.

Despite its functionality, the main limitation of the frame lies in the manufacturing
process. The current method is manual and, although replica molding is employed, it
is time-consuming and requires meticulous attention to detail to ensure that the pieces
remain free of stress and perfectly flat. This manual process poses challenges in terms of
scalability and reproducibility, which may impact the overall efficiency of production in

high-volume applications.

4.1.4 Propellant Management Unit

The buffer, positioned beneath the emitter, plays a critical role in the emission system by
holding a small volume of propellant, sufficient for a few hours of continuous operation for
emission analysis experiments. The buffer passively feeds the propellant through capillary

forces to the emitter, ensuring a stable and spontaneous refill of propellant as ions are
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emitted. As previously discussed in sections and @, the nanowires on the emitters
chip surface generates stronger capillary forces, allowing the propellant to flow efficiently
without active intervention. In addition to its function as a propellant reservoir, the buffer
also serves as an electrode for biasing the liquid, contributing to the overall electrospray

process.

The buffer is fabricated via Selective Laser Melting (SLM), a 3D metal printing tech-
nique, using aluminum. Its central section is designed to retain the ionic liquid within
its channels through capillary forces, preventing unintended leakage under normal condi-
tions. These forces contain the liquid until the applied electric field generates sufficient
pressure to overcome them, pulling the propellant into the emitter system. Small 100 ym
feeding holes channel the ionic liquid from behind the emitter, ensuring a controlled and
consistent flow of propellant. The outer section of the buffer provides structural support
and facilitates integration with the frame. As a metallic component, it also serves as a
high-surface-area electrode to bias the propellant, establishing the proper electrical con-

ditions for ion emission.

Although the buffer fulfills its intended function effectively, SLM fabrication technology
presents limitations in terms of precision. The minimum feature size achievable is around
200 pm, with tolerances of several tens of microns, which restricts the ability to achieve
the desired geometric precision. Since the buffer’s performance is highly dependent on
both material properties and geometric accuracy, alternative manufacturing technologies
are being explored, such as metal photopolymerization 3D printing, which can achieve a
minimum feature size of 25 um, potentially providing the precision required to optimize

the buffer’s performance.

4.2 Emission

The emitter devices designed as part of this thesis are not only modular in terms of the
number of structures but also allow for modifications to structural parameters, such as

geometry, to influence the emission of species. As discussed in section @, [87], altering
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the angle of the emitter cone has a direct impact on the emitted beam profile. In other
words, it affects the overall efficiency of the system. This is because we found out that the
beam’s divergence is a function of the microcones, and a wider tip can lead to emissions

from points far from the central axis, thereby reducing the system’s efficiency.

On the other hand, as highlighted in section @, the hydraulic resistance of the nanos-
tructured surface also plays a crucial role in the emission process. Proper control of the
propellant flow is key for defining the specific species being emitted (i.e., ions or droplets)
and can also slightly adjust the angular emission distribution, improving propulsion ef-
ficiency. These findings underscore the importance of precise geometric design in opti-
mizing the performance of electrospray thrusters, offering valuable insights for developing

advanced, high-efficiency propulsion systems for small satellites.

4.3 Propellant

The selection of propellant, particularly ionic liquids, is essential for the performance of
externally wetted electrospray emitters, a key component in micro-propulsion systems.
The unique properties of ionic liquids, such as their negligible vapor pressure, high elec-
trical conductivity, low viscosity, and high surface tension, make them well-suited for
space applications [88]. For externally wetted emitters, the balance between capillary
and electrical forces governs the emission process. Selecting an appropriate ionic liquid is

critical to maintain stable, efficient ion emission.

Different ionic liquids operate in various regimes, such as the pure ionic regime, where
ion emission is highly efficient and produces a high specific impulse, and mixed regimes
that may result in lower efficiency due to the presence of droplets. The performance in
pure ionic regime (PIR) is favored by liquids with higher surface tension and electrical
conductivity, but other factors like viscosity also play a significant role, as it affects the
hydraulic resistance and flow rate of the propellant [88]. Propellants like EMI-BF, and
EMI-DCA, are known for their high conductivity and the ability to operate efficiently in

ionic regimes. However, propellants with lower viscosities, may lead to droplet formation,

66



which reduces efficiency. In contrast, high-viscosity ionic liquids, such as EMI-EtOSOs;,
show potential to maintain high efficiency in externally wetted emitters due to their ability
to limit droplet formation, despite having lower conductivity [88]. Therefore, the careful
selection and optimization of ionic liquids are vital to achieve the best possible perfor-
mance in electrospray thrusters, particularly for small satellite applications. In this thesis,
EMI-Im and EMI-BF, have been employed mainly for different experimental analysis due
to its properties as described in sections @ and @
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5 Emitter device microfabrication

Silicon based microfabrication has been the fundamental tool for the production of the
emitter devices in this Thesis, as the backbone of the thruster. Figure @ depicts the
microfabrication process step-by-step from a bare silicon wafer to the fully functional
devices. The fabrication process is organized into three major sections, each corresponding
to a critical part of the MEMS device: the emitter array, the wetting system, and the
feeding system. Each of these components plays a vital role in the overall performance
and functionality of the thruster. The subsequent sections provide a detailed description

of the individual microfabrication steps involved in the creation of these structures.

a) b) o d)
e) ) g h)
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Figure 15: Microfabrication process for electrospray emitters: (a) bare Si wafer; (b) ther-
mal oxidation; (c) photoresist spin-coating; (d) photolithography; (e) mask developing;
(f) exposed oxide removal by RIE; (g) isotropic dry Si etching; (h) upper mask removal
and needle sharpening; (i) photoresist removal and colloidal self-assembly; (j) anisotropic
RIE etching to form nanowires and Al mask sputtering; (k) feeding holes etching and

protecting Al mask removal; (1) thermal oxide protective layer growth.
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5.1 Fabrication of the emitter array

The emitter array is composed of a matrix of microconical structures designed to generate
the high electric fields required for particle emission. The fabrication of these structures
relies on microfabrication techniques capable of transforming a planar silicon surface into
precisely defined needle-like geometries. In this work, two distinct approaches were ex-
plored to achieve this transformation, each offering unique advantages and limitations:

isotropic reactive ion etching (RIE) and wet chemical etching.

The isotropic RIE uses a chemically reactive plasma to etch and sculpt the silicon mironee-
dles. This technique has been extensively used throughout this thesis to produce func-
tional devices, demonstrating its effectiveness in achieving sharp and well-defined struc-
tures. However, as will be discussed in this section, isotropic RIE poses challenges in
maintaining homogeneity across large areas, which can impact device performance. To
address these challenges, wet chemical etching using potassium hydroxide (KOH) was
investigated as an alternative. Although the KOH etching method enabled the success-
ful fabrication of emitter arrays, further refinement and optimization will be pursued in

future research to fully integrate it into the device fabrication workflow.

5.1.1 Wafer conditioning

Proper wafer preparation and cleaning are critical steps before any cleanroom fabrication
process. Surface contaminants, including organic residues, metal ions, and particulates,
can significantly impact device performance, leading to defects, poor adhesion, and vari-
ability in processing outcomes. To ensure high-quality fabrication, wafers must undergo
rigorous cleaning and conditioning procedures to remove these contaminants and prepare

the surface for subsequent processing.
Before the lithography itself, the wafers undergo RCA cleaning protocol to eliminate

organic, ionic, and particulate contaminants. This multi-step cleaning process includes

Standard Clean 1 (SC-1), which uses a mixture of ammonia and hydrogen peroxide, Stan-
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dard Clean 2 (SC-2), involving hydrochloric acid and hydrogen peroxide, and a final rinse
in deionized water. After cleaning, as shown in Fig. @b, the wafers are oxidized via a
wet oxidation process in furnaces at a temperature of 1100°C for a specified duration to
achieve the desired oxide thickness. For the devices produced in this work, oxide thick-
nesses of 1.5 ym and 2 pm were used, depending on the specific purpose, whether for RIE
or KOH etching. The primary role of silicon oxide grown through the described process
is to act as a hard mask, protecting the silicon substrate during etching process. This
protective layer enables the precise shaping of silicon according to the desired patterns,

ensuring accuracy and structural integrity throughout the fabrication process.

5.1.2 Photolithography and pattern transfer

Photolithography serves as the initial stage in the microfabrication process for emitter de-
vices, translating designs into physical patterns on the silicon wafer. This process begins
with the design of photolithography masks, which are generated using Computer-Aided
Design (CAD) software. These masks, typically fabricated in quartz substrates for pre-
cision, provide the templates for pattern transfer. For prototypes or designs with less
stringent tolerances, polymer masks may also be employed due to their cost-effectiveness.
Due to the large size of the structures, polymer masks have been used throughout this

thesis.

The photolithography process begins by coating the oxidized wafer with a light-sensitive
photoresist (Fig. c). Prior to this, an Oy plasma treatment is applied to the wafer
surface to enhance photoresist adhesion. A positive resist, HIPR 6512, is uniformly spin-
coated onto both sides of the wafer and soft-baked at 80°C in alternating steps to remove
residual solvents. The process is followed by the step shown in Fig. d, where the wafer
is placed in a FL10 Karl Siiss Microtec MA6/BA6 mask aligner, shown in Fig. @, where
UV light is used to expose the resist through a carefully aligned photomask. This exposure

transfers the designed pattern onto the photoresist layer.
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Figure 16: FL10 Karl Siiss Microtec MA6/BA6 mask aligner sourced from IMB-CNM-
CSIC platform.

Next to exposure, the wafer is developed using OPD4262 developer, which removes the
exposed photoresist, leaving the desired pattern intact (Fig. @e). This process is re-
peated for the opposite side of the wafer to expose the oxide layer on both surfaces for
subsequent etching steps. To ensure the durability of the patterned photoresist during

etching, a hard bake is performed at 115°C in an oven.

Next, the exposed oxide mask is etched away, exposing the underlying silicon. To do
so, the wafer is immersed in a bath of Buffered Oxide Etchant (BOE) 7:1, a buffered mix-
ture of diluted hydrofluoric acid (HF) to selectively etch silicon oxide without affecting
other materials, such as photoresist. The etch rate of BOE is approximately 80 nm/min
at room temperature (RT) conditions [] Following chemical etching, the wafer is rinsed
in deionized water to remove BOE residues, leaving the silicon exposed and ready for fur-

ther etching of emitter structures.

The combination of photolithography and precise pattern transfer establishes the founda-
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tion for the subsequent etching processes, ensuring that the fabricated emitter structures

exhibit the geometric precision required for optimal performance.

5.1.3 Basics on Reactive Ion Etching

The conical or needle-shape architecture of the emitters can be achieved through various
etching techniques, each one defining a characteristic shape of the etched structures. In
this thesis, a specific type of dry etching - Reactive Ion Etching (RIE) - has been exten-

sively used as the workhorse.

Dry etching plays a pivotal role in semiconductor and MEMS fabrication due to its ability
to precisely pattern silicon substrates. Among the most advanced dry etching techniques
is Reactive lon Etching (RIE), which combines chemical reactions with physical ion bom-
bardment to achieve either isotropic or directional, high-precision material removal. The
process takes place in an ultra-high vacuum (UHV) chamber, where a plasma is gener-
ated by an RF power source from a low-pressure gas. The plasma consists of ionized
gas molecules that interact with the wafer surface through two synergistic mechanisms:
chemical reactions between reactive species and the substrate, and physical bombardment

by plasma ions.

The physical mechanism of RIE involves the acceleration of plasma ions through strong
electric fields. These ions bombard the target surface, breaking chemical bonds in the
material, facilitating the chemical reactions between the reactive plasma species and the
substrate. The synergy between physical ion bombardment and chemical reactions allows
for highly directional and precise etching. The gas composition within the plasma plays
a crucial role in determining the etching characteristics, and its selection is tailored to
the target material. In MEMS fabrication, three main gas types are commonly employed:
SFg, CF4/CHF3, and Cly/BCl3. The first class of gas is primarily used for isotropic etching
purposes, as it efficiently generates highly reactive fluorine radicals. Carbon-based gases,
are used for etching silicon oxide and nitride due to their fluorine content. Chlorine-based

gases, are typically applied for etching metals or certain dielectrics. Appropriate choice
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of the gases allows for precise control over etching selectivity and profile.

RIE offers significant versatility, allowing for isotropic or anisotropic etching depend-
ing on the process parameters such as gas composition, chamber pressure, and RF power.
Isotropic etching removes material uniformly in all directions, often leading to under-
cutting beneath the photoresist or hard masks and sloped profiles. Prolonged isotropic
etching can produce rounded profiles and surfaces with a degree of inclination. Conversely,
anisotropic etching achieves vertical sidewalls through directional ion bombardment, cru-
cial for high-aspect-ratio structures like trenches and pillars. Advanced RIE processes,
such as Deep Reactive Ion Etching (DRIE), enable the fabrication of these structures and

are discussed further in section @

Figure 17: SEM image of a sharp microneedle showcasing a steep slope, a characteristic

feature of the isotropic reactive ion etching process.

RIE holds significant potential, offering highly precise etching control through fine-tuning
of process variables. Additionally, it is highly versatile, allowing the etching of various
materials. However, one of the main drawbacks of RIE is the complexity of the system, as

it requires meticulous control over numerous parameters to balance etch rate, selectivity,

75



anisotropy, and substrate integrity. Another major limitation is the uniformity of the
etching process, as achieving homogeneity across large substrates can be challenging due
to variations in plasma density and ion distribution. Moreover, prolonged etching can
induce surface defects, which may be problematic for specific applications. Despite these
challenges, RIE remains a cornerstone in modern microfabrication, offering the ability to

create complex, highly precise features across a range of materials.

5.1.4 Basics on wet etching

Wet etching is another fundamental technique in silicon based microfabrication, widely
used in semiconductor processing to selectively remove material from substrates. Unlike
dry etching, which relies on plasma-based processes, wet etching achieves material removal
through purely chemical reactions between the substrate and a liquid etchant. Similar
to dry etching, wet etching can be classified into isotropic and anisotropic categories, de-

pending on the etchant’s interaction with the substrate.

In isotropic wet etching, material is removed uniformly in all directions, originating
rounded or sloped profiles. While this uniformity can be advantageous for specific appli-
cations, it also leads to undercutting beneath the masking layer, limiting its suitability
for high-precision fabrication. On the other hand, anisotropic wet etching selectively re-
moves material based on the crystallographic orientation of the substrate, often resulting
in highly directional etching with well-defined geometries. An example of anisotropic
wet etching is the use of potassium hydroxide (KOH) as an etchant for silicon. KOH
selectively etches silicon along specific crystallographic planes, enabling the formation of
features such as V-shaped grooves and pyramidal pits with high precision. It is partic-
ularly effective for structuring well-defined geometries by etching (100) or (110) silicon
crystallographic planes and leaving (111) planes. The etch rate along different crystal
planes varies significantly, leading to directional etching with minimal undercutting and

a characteristic angle of 54.7° between planes.
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Figure 18: Anisotropic wet-etched profiles in <100> wafer. The sloped sidewalls are the
slow etching (111) planes; the horizontal planes are (100). Etching will terminate if the
slow etching (111) planes meet [67].

Several parameters and conditions can affect significantly the wet etching process. The
selection of the etchant is critical, as it must exhibit selectivity between the material to
be etched and any protective layers used to define the pattern. Common etchants include
hydrofluoric acid (HF) for silicon oxide, phosphoric acid for silicon nitride, and KOH for
silicon. Additionally, factors such as temperature or concentration of the etchant, along
with the etching time, must be carefully controlled to achieve the desired etching depth
and profile.

Wet etching offers several advantages, including simplicity, cost-effectiveness, and the
ability to uniformly process large surface areas. The absence of complex equipment, such
as vacuum systems required for dry etching, reduces cost and facilitates scalability. Ad-
ditionally, wet etching often achieves faster material removal rates, making it ideal for
high-throughput applications. However, it has limitations such as achieve the same level
of precision and complexity as dry etching, particularly for high-aspect-ratio structures,
due to the inherent limitation of chemicals. Isotropic wet etching lacks precision due to
undercutting, and anisotropic wet etching is inherently constrained by material proper-
ties such as crystallography, limiting its versatility for non-silicon substrates or complex

patterns.

To sum up, wet etching remains a valuable tool in microfabrication for its simplicity,
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cost efficiency, and effectiveness in removing large volumes of material. While its limita-
tions in precision and structural versatility often lead to a preference for dry etching in
advanced applications, wet etching is indispensable for many foundational and large-scale

processes in device manufacturing.

5.1.5 Microneedle fabrication based on RIE

Etching techniques often yield similar outputs, despite they differ significantly in their
underlying mechanisms, as outlined earlier. In this thesis, the primary etching workhorse
has been via Reactive Ion Etching (RIE), which is detailed in the following lines. Ad-
ditionally, preliminary tests involving potassium hydroxide (KOH) etching are briefly

introduced.

Once the SiO, mask is patterned, the wafer is placed in the RIE system, specifically
an Alcatel AMS-110 DE, which is used in cleanroom facilities. This advanced equipment,
shown in Fig. , is an automatic single-wafer system that can position the wafer as
close as 100 mm to the plasma. It is equipped with two power sources: an Inductively
Coupled Plasma (ICP) generator and a Radio Frequency (RF) generator, each serving
distinct purposes. The ICP generator is responsible for generating a high-density plasma
by ionizing gases, which enhances the reactivity of the species in the plasma. The RF
generator, on the other hand, applies a bias to control the energy of these species, af-
fecting both the direction and rate of etching. Typically, the RF generator is employed
only for anisotropic etching processes, such as the Bosch process used for the nanowires
discussed in section . Additionally, the wafer is placed on a temperature-controlled
chuck, which maintains the desired thermal conditions through an integrated chiller sys-
tem. A continuous flow of helium ensures efficient thermal contact, while the pressure is

carefully regulated to optimize temperature transfer and maintain process stability.
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Figure 19: Alcatel AMS-110 DE dry etcher sourced from IMB-CNM-CSIC platform.

In the isotropic etching procedure, the plasma is generated by introducing sulfur hexaflu-
oride (SFg) at a flow rate of 150 sccm. The plasma is formed in a chamber maintained
at a pressure of 10~ mbar, with 2000 W generated by the ICP power source. The wafer
is positioned on the chuck 160 mm away from the plasma, with helium pressure set at
103 Pa and a temperature of 20°C. The plasma species isotropically etch the silicon for
a duration of 1 hour, 7 minutes, and 15 seconds, forming the base of truncated conical
structures with a diameter of 100 pm (Fig. @g, @ ). The structures’ dimensions are
measured using an electron microscope or confocal microscope, focusing on the circular

patterns used as masks.

Next, the structures are sharpened to create the emitters for the device. To do so, firstly,
the RIE system is used to generate an oxygen (O2) plasma at 2500 W, with a flow rate of
600 sccm, to remove the photoresist mask and expose the oxide layer. The silicon oxide
is then removed using BOE, leaving the silicon surface fully exposed.

Finally, the wafer undergoes another RIE step, Fig. @h, under identical conditions but
for a shorter duration. This second etching step transforms the truncated cones into

needle-like structures, creating emitters with tunable angles. As the trunk diameter de-
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creases, the etch rate in these areas increases, making etching time a crucial parameter to
control. Depending on the duration of etching, the structures can have either a sharper

or more obtuse angle.

Figure 20: SEM image of a truncated microneedle prior to the sharpening process using

isotropic dry etching.

The semi-angle of the microneedles is directly influenced by the etching time. Longer
etching times produce less inclined surfaces (lower tip angles) and reduce the height of
the structures. Conversely, shorter times yield sharper angles with taller emitters. The
optimal semi-angle is key to optimize the emission parameters, and to maximize their
emission efficiency. These data are analyzed in section Ell, where the emission profile
is studied as a function of the emitter angle. To study the optimization of the emitter
structure geometry, different emitter angles were analyzed. This was achieved by varying
the etching times during fabrication. To investigate the effects of different geometries,
emitters with semi-angles of 20° and 35° were fabricated, requiring etching times of 15
minutes and 37 minutes and 30 seconds, respectively, to sharpen the microneedles. The

resulting emitter heights corresponding to these angles were 215 and 180 pm, respectively.
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The structures with a semi-angle of 30° have demonstrated that these parameters are
optimal for ensuring proper emitter efficiency without excessively compromising the in-

tegrity of the structures, as it is shown in Chapter E

5.1.6 Microneedle fabrication based on KOH wet etching

The KOH etching process involves immersing the wafer in a KOH bath to anisotropically
etch the crystalline planes and form cones. This type of etching has been investigated
for its advantages over RIE, such as improved uniformity of the structures across the
wafer and simpler fabrication of emitters due to the simpler infrastructure of the process.
Additionally, since it is a bath-based technique, it allows for the fabrication of multiple
wafers in a batch, reducing production costs. The uniformity of the structures across the
wafer can be enhanced by adjusting the KOH solution concentration and bath tempera-

ture [90]. However, lower temperatures and concentrations result in a decreased etch rate.

The KOH etching process employed is an early-stage method for fabricating devices
through wet etching. Although briefly explored in this thesis, it will be developed fur-
ther in future research. The KOH etching uses a typical concentration of 30% and a
temperature ranging between 45 to 60 °C, depending on the size of the pattern. A pho-
tolithographic process is used to define the silicon oxide mask, 2 pym thick with circular
patterns, is designed to eliminate the need to align the mask with the crystalline planes of
the wafer, simplifying the fabrication process. After pattern transfer by wet etching with
BOE, the photoresist is removed to avoid contamination, and the wafer is immersed in
KOH under the desired conditions. KOH etches the silicon surface while the oxide mask

defines the emitter geometry.

The resulting emitter angle is determined by the silicon’s crystalline structure, with char-
acteristic 54.7° angle between the etched (111) planes. The height of the emitters is
primarily limited by the initial size of the SiO, pattern, and the durability of the ox-
ide mask, which etches significantly slower than silicon. Once the oxide mask is fully

consumed, the emitter structure becomes sharper.
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(a) Silicon truncated needle (b) KOH sharpened needle

Figure 21: SEM images of (a) a truncated microneedle during KOH wet etching and (b)
a microneedle after KOH wet etching process, showcasing the characteristic crystalline

plains etching.

The process concludes with a rinse in a water bath to remove excess KOH, followed by
a brief immersion in hydrochloric acid (HCI) to eliminate potassium salts formed during

etching.

5.2 Externally wetting system through nanowires

Following the sharpening of the emitter structures, the wafers containing the devices are
ready for the integration of an array of nanowires in thw whole 3D surface, which form

the propellant transport network, by colloidal lithography.

This section explores the physics and processes underlying colloidal lithography (Fig. @i),
emphasizing its suitability for patterning complex three-dimensional substrates, such as
conical structures, where conventional techniques are not scalable. Colloidal lithography
offers a robust and adaptable approach to achieving homogeneous nanoparticle assemblies
over large areas, providing precise control over pattern density through tunable parame-

ters such as particle concentration and deposition conditions.

The discussion focuses on positively charged amidine latex beads, chosen for their elec-
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trostatic attraction to the negatively charged silicon oxide surface, and examines the key
forces governing particle self-assembly, including electrostatic interactions, Van der Waals
forces, and capillary effects, as well as practical considerations for optimizing pattern uni-

formity and reproducibility.

5.2.1 Colloidal Lithography

Colloidal lithography is a versatile and cost-effective nanofabrication technique based on
the self-assembly of colloidal particles onto a substrate. By employing colloidal particles,
typically nanospheres made from materials such as polystyrene or silica, this method en-
ables the creation of nanoscale patterns over large areas without the need for expensive
equipment. The particles act as a physical mask during subsequent etching or deposition

processes, yielding structures with precise nanoscale features.

The colloidal lithography process begins with the preparation of a colloidal suspension,
consisting of nanoparticles diluted in deionized water. In this study, 4% Amidine Latex
Beads (0.5 pum diamter, ThermoFisher) were used due to their superior charge proper-
ties, uniform dispersion, and ease of removal compared to other types of beads. These
particles are deposited onto the substrate through techniques such as spin-coating or
drop-casting [91-94]. Once deposited, the particles electrostatically self-assemble into a

monolayer, forming the pattern for further etching or deposition processes.

The stability and uniformity of the colloidal particle arrangement are governed by the
electrostatic interactions between the particles and the substrate. These interactions are
quantified by the zeta potential ({-potential), a measure of the electrostatic potential at
the slipping plane, where the stationary fluid layer around a particle transitions to bulk
fluid. A high (-potential indicates strong repulsive forces between particles, which helps
prevent aggregation and ensures uniform particle distribution. In aqueous suspension,
amidine latex beads acquire a positive surface charge due to the dissociation of positive
functional groups on their surfaces. This charge interacts with ions in the solution, form-

ing an electrostatic double layer around each particles [95-97]. The (-potential reflects
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the strength of this electrostatic interaction, which can be modified by adjusting the ionic

strength of the solution and the pH.

The decay of electrostatic interactions with the distance is determined by the Debye

[ 2e2]
= 5.1
" EkBT ( )

where e is the elementary charge, I is the ionic strength of the solution, € is the permit-

length, defined as:

tivity of the medium, kg is the Boltzmann constant and 7" the temperature. Equation @
demonstrates that electrostatic interactions decay exponentially with distance, therefore
the force between a particle with effective charge g and a substrate with surface potential

¢ at distance r can be approximated as:
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In addition to electrostatic forces, Van der Waals interactions play a critical role in self-
assembly processes, especially at short distances. These attractive forces arise from tran-
sient dipole interactions described for a particle of radius R interacting with a planar
substrate as:

AR

FVdW:_

= (5.3)

where A is the Hamaker constant and D is the gap between the particle and the surface.
This type of interaction counterbalance electrostatic repulsion, influencing the final ar-

rangement and stability of particles on the substrate.

The self-assembly of colloidal particles onto a substrate is defined by a Brownian mo-

tion, driving particles to diffuse through the suspension. The diffusion flux of particles
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towards the substrate is defined by Flick’s first law as:

dc
J = —D% (5.4)

being D the diffusion coefficient, ¢ the particle concentration and x the spatial coordinate.

For spherical geometries in a solution, D is given by the Stokes-Einstein equation:

D kgT
6mn R

(5.5)
where 7 is the viscosity of the solution and R the radius of the particles. Hence, from
equation @ is possible to infer that smaller particles diffuse faster than larger ones, en-
abling efficient self-assembly and uniform deposition.

As discussed above and in section @, optimizing the system parameters is crucial for
achieving maximum performance. Various concentrations of nanoparticles were tested to
identify the appropriate hydraulic resistance values for the target performance. These
specific values remain confidential, as they form part of the proprietary knowledge of the
company involved in this research. However, the general behavior of system efficiency as

a function of hydraulic resistance is briefly covered in Section @

Colloidal particles self-assembly on a solid substrate is mainly driven by electrostatic
interaction, so to enhance the attraction between positively charged amidine latex beads
and the negatively charged substrate, surface activation is required. Surface activation
can be achieved through either physical or chemical methods. Physical activation in-
volves bombarding the wafer with negative oxygen ions in an oxygen plasma, charging
the surface via Coulombic interactions. Chemical activation, on the other hand, employs

chemical reactions to generate surface charges on the silicon surface through ionic bonds.

The colloidal self-assembly was found to be highly dependent on the activation and drying
methods used. The results of various surface activations are shown in Fig. @ Plasma

activation resulted in fewer particles adhering to the surface compared to chemical activa-
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tion methods, due to the weaker Coulombic interactions in plasma treatment compared
to the stronger ionic bonds generated in chemical activation. Different plasma conditions,
such as power and time, were tested without significant changes in particle assembly,

prompting a shift towards chemical activation methods, which showed greater success.

The selected chemical activation methods were the Piranha solution, a mixture of HoSOy4
and HyOy (2:1), and Stage 1 of the RCA cleaning process, which consists of a mixture
of H,O, NH4OH, and Hy0, (5:1:1) at 70°C. Both solutions oxidize the surface of the
silicon and generate negative ions. The Piranha solution generates a highly aggressive,
exothermic reaction that excessively oxidizes the silicon surface, limiting the formation
of ionic bonds. In contrast, RCA Stage 1 produces a milder oxidation, resulting in more

ionic bonds and a more effective surface activation [9§].

86



(a) Oz plasma activation (b) Piranha solution activation

(c) RCA SC1 activation

Figure 22: Comparison of nanoparticles density (NPs/um?) over silicon substrates using
the same particle dilution and drying method (Room Temperature), employing different
surface activation methods: (a) Oy plasma activation (p = 0.37 + 0.07), (b) Piranha
solution activation (p = 0.62 + 0.02) and (c¢) RCA SC1 mixture activation (p = 0.64 =
0.02).

The RCA SC1 chemical activation process lasts for 15 minutes, followed by a 4-minute
rinse in a deionized water bath. The wafer is then dried using a nitrogen gun. Once dried,
the wafer is placed on a flat surface, and the nanoparticle suspension is casted onto it,
covering the emitter structures. The colloidal particles are allowed to self-assemble for 20

minutes before being rinsed to remove any unassembled particles from the surface.

Once particles are deposited on the substrate, a drying process is required. This pro-
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cess is critical, as it determines the final arrangement of the beads. As the liquid media

evaporates, capillary forces arise due to surface tension, pulling particles closer together:

Fopitiary = 4myR cos(6) (5.6)

where 7 is the liquid surface tension R the radii of the sphere and @ is the contact angle
of the liquid on the particle surface. Generally, these forces are attractive, potentially

originating particle displacement or clustering under non-uniform drying conditions.

Controlled drying methods are required to mitigate such effects. Different drying methods
were performed in the fabrication of these devices, such as drying under room temperature
(RT) conditions and the Critical Point Dryer (CPD) technique. RT drying was exten-
sively used and improved during the establishment of the device fabrication process. This
method involves allowing the wafer to air-dry naturally after the final rinse in deionized
water. Over time, improvements were made by adjusting parameters such as wafer tilt,
drainage flow, and shielding with Pyrex wafers to prevent turbulence. Although homo-
geneous distributions were sometimes achieved, RT drying suffered from clustering and

reproducibility issues between batches, making it less ideal.

On the other hand, CPD technique significantly improved reproducibility and maintained
system uniformity. This equipment prevents structural irregularities caused by surface
tension by eliminating the liquid-to-gas phase transition. During conventional drying,
this transition creates capillary forces that pull particles together, often leading to defor-
mation or collapse of the nanoparticle arrangement. By transitioning the liquid into a
supercritical state, where there is no distinct liquid or gas phase, the critical point dryer
removes these forces, preserving the integrity and uniformity of the structure. The CPD
process begins by replacing the water in the sample with isopropyl alcohol (IPA), which
is miscible with both water and liquid COs. The wafer is immersed in IPA, and liquid
COy is introduced to replace the IPA through multiple flushes. The system then heats

and pressurizes the CO, beyond its critical point, where it exists as a supercritical fluid,
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neither liquid nor gas, eliminating surface tension. Finally, the CO, is slowly vented,

leaving the wafer dry and intact.

(a) Room Temperature drying (b) CPD drying

Figure 23: Comparison of silicon substrates after different drying procedures in a self-
assembly process using the same particle dilution and activation through RCA SC1: (a)
substrate dried at Room Temperature conditions and (b) substrate dried using Critical

Point Dryer process.

Figure @ shows the impact of the drying method on the substrate, obtaining a highly
homogeneous distribution through the use of CPD drying. After the drying, wafers un-
dergo a thermal treatment to partially melt the colloidal particles. The wafers are placed
on a hot plate at 125°C for 5 minutes. This step improves adhesion of the colloids to
the substrate, by increasing the contact area, and prevents disassembly and underetching

during subsequent Bosch process steps.
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Figure 24: Nanoparticle density measurements across different samples to assess the ho-
mogeneity of the process. Each data point represents the average surface density of
nanoparticles (NPs/um?) measured on an individual sample, with error bars indicating
the standard deviation. The consistent values across samples suggest a uniform deposition
process, highlighting the effectiveness of the critical point dryer in maintaining process

reproducibility.

Figure @ illustrates the density of nanoparticles, in units of NPs/um? across multiple
batches of wafers, with the objective of evaluating the repeatability of the nanoparticle
self-assembly process. The density range for a particle dilution can be observed across
the batches, suggesting a degree of variability in the process due to self-assembly chal-
lenges, such as surface activation inconsistencies and high particle concentration. The
densities span from approximately 0.67 to nearly 0.8 NPs/um?. This analysis highlights
the importance of understanding and controlling process conditions to achieve consistent

nanoparticle densities, a critical factor for applications requiring precision and uniformity.

90



5.2.2 Fabrication of Silicon nanopillars: Bosch process

The Bosch process is a cornerstone technique in Deep Reactive Ion Etching (DRIE), es-
sential for fabricating high-aspect-ratio microstructures in silicon (Fig ) It allows for
the precise etching of vertical features, such as deep trenches or high pillars, which are
integral to the development of intricate microdevices. The Bosch process achieves this
by employing a unique cyclic methodology that alternates between two phases, isotropic
etching and sidewall passivation, to produce highly anisotropic etch profiles, for creating,

vertical structures with minimal lateral etching [99,[100].

The first phase of the cycle is the etching step, generating a plasma of sulfur hexaflu-
oride (SFg). The plasma dissociates SFg molecules, generating fluorine radicals, which
aggressively react with the silicon surface to form volatile compounds like silicon tetraflu-
oride (SiFy). This reaction predominantly etches the silicon isotropically, removing the
silicon in all directions. However, without further intervention, this would lead to un-

wanted lateral etching, reducing the precision of the microstructures.

To mitigate this, the second phase is the passivation. A plasma of fluorocarbon gas,
typically C4Fg, is used to deposit a thin polymer layer on the exposed surfaces of the
silicon. This polymer layer is crucial for protecting the sidewalls of the etched features
from further lateral etching due to fluorine. The polymer coats the vertical surfaces,
preventing the etching species from attacking the sidewalls while still allowing vertical

etching to continue in subsequent cycles.

By alternating between these etching and passivation steps, a high anisotropic etching
is achieved, where the vertical etching rate is significantly higher than the lateral etch-
ing rate. This results in the formation of deep, well-defined features with near-vertical
sidewalls. The nature of the shifting process also introduces a characteristic scalloped
pattern on the sidewalls, caused by the periodic deposition and removal of the passivation
layer. However, the size and frequency of these scallops can be minimized through careful

optimization of process parameters such as gas flow or plasma power.
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The wafers coated with melted nanospheres are subjected to a Bosch process using the
same etching equipment as that employed for the emitter structures. The wafer is placed
on the chuck at a distance of 120 mm from the plasma, where the wafer is cooled to 0°C at
helium pressure of 103 Pa. The chamber operates under high vacuum conditions, similar
to those used during the fabrication of the previously made structures. A 2000 W power
source generates the plasma. Prior to loading the sample, the chamber is conditioned by

briefly introducing the gases used in the etching process.

Before the Bosch process begins, a priming step is performed, where the process gases
briefly enter the chamber to stabilize the environment and ensure consistent etching con-
ditions. Once the wafer is introduced, the Bosch process alternates between two gases,
initially introducing C4Fg for 1 second, followed by SFg for 2 seconds. The C4Fg is in-
troduced at a flow rate of 300 sccm and a pressure of 3 Pa, while SFg is supplied at 200
sccm and 5 Pa. During the Bosch process, a radio-frequency (RF) generator is employed
to control the directionality of the etching. The plasma operates at a frequency of 280
kHz, with a high power setting of 80 W for 10 ms, alternating with a low power setting
of 0 W for 90 ms.

The morphological characteristics of the structures are controlled by the number of cy-
cles, with each cycle representing the total time for the gases involved. In this specific
case, a complete cycle lasts 3 seconds. The structures produced for the devices have a
height of 3 um, achieved after 20 cycles, consistent with the design requirements for the
propulsion system. Additionally, these structures exhibit a diameter of approximately 0.5
pm, determined by the size of the particle acting as the mask. However, slight variations

in this result may occur due to underetching effects.

Throughout the development of these nanostructures, fine-tuning of different key pa-
rameters of reactive ion etching (RIE) is crucial to achieving precise and well-defined etch

profiles. The gas flow rate controls the supply of reactive species, balancing chemical and
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physical etching. Too much gas can cause excessive lateral etching, while too little may
lead to incomplete reactions and uneven surfaces. Chamber pressure influences how ions
travel within the plasma—Ilower pressures create highly directional ion bombardment for
clean, vertical etching, while higher pressures increase collisions, making the etching more
isotropic. The distance between the plasma and the wafer affects how the ions interact
with the surface. A shorter distance results in higher-energy ion bombardment, increas-
ing the etch rate but also the risk of damage, whereas a greater distance ensures more
uniform etching but slows the process down. RF power, which controls the energy of the
ions, is another critical factor. Higher power helps achieve sharp, vertical features but
can also lead to surface roughness or unwanted heating effects. Since all these parameters
are deeply interconnected, even a small adjustment can significantly change the outcome,

making precise control essential to creating the desired nanostructures without defects.

The detailed process was carried out using the Alcatel AMS-110 DE. However, the etching
process was also characterized and established for an alternative equipment, the Sentech
Si 500, providing a backup for nanowire production. The results obtained from the Sen-
tech Si 500 were very similar, as shown in Figure @ Nevertheless, the Sentech Si 500
was not used for the development of the emitter structures, as access to this equipment
was delayed. Although well-defined cones were produced, imperfections were observed
across the wafer surface, which hindered the continuation of fabrication. Dry etching
equipment is extremely sensitive, and the same protocol cannot be universally applied.
The conditions in the Sentech Si 500 differ from the previous system, as parameters such
as the wafer-to-plasma distance cannot be adjusted. Unlike the previous equipment, the
Sentech Si 500 does not include a priming stage. The C4Fg is introduced for 1 second at

a flow rate of 300 sccm, while SFg is supplied for 1.8 seconds at a flow rate of 150 scem.
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(a) Alcatel AMS-110 DE (b) Sentech Si500

Figure 25: Comparison of silicon nanowires etched using (a) Alcatel AMS-110 DE and (b)
Sentech Si500 dry ecthers, employed in the propellant transport network. These nanowires

were synthesized from nanoparticles assembled via colloidal lithography.

After etching the propellant transport network, the wafer is subjected to a low-power O,
plasma. This step removes any residues deposited during the Bosch process passivation,

as well as any remaining particles used as the mask.

5.3 Feeding system

At this stage, the devices are in the final phase, where the propellant channels leading to
the wafer’s active surface are integrated (Fig. @k) Since the pattern to be etched is on
the backside of the wafer, the side containing the previously etched structures is protected
with a 1 pm layer of aluminum. Nonetheless, its main function is to serve as an etching

stopper due to its selectivity.

The aluminum is deposited using a process called sputtering, a type of Physical Vapor
Deposition (PVD) characterized by the use of high-energy plasma, typically composed of
argon ions. These accelerated ions collide with the aluminum target, causing the ejection
of aluminum atoms. The ejected atoms travel through the chamber and deposit onto the

wafer surface, forming a uniform film. The uniformity of this layer depends on parameters
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such as plasma power, argon pressure, and others. In the equipment used (KENOSISTEC
KS800HR), plasma is generated at 1000 W to deposit 1 pm of aluminum in 15 minutes.

Following this, the wafer is reintroduced into the AMS-110 DE to etch the side of the
wafer where the open-hole pattern is exposed in the oxide. The process used is the Bosch
process, as it requires etching through the wafer with an anisotropic pattern. The recipe
involves first introducing C4F8 at 150 scem and 2.5 Pa for 2 seconds, followed by SFg
at 300 sccm and 4.5 Pa for 7 seconds. The plasma, generated by Inductively Coupled
Plasma (ICP), operates at 2000 W, while the RF generator uses a frequency of 310 kHz,
with a high power setting of 30 W for 10 ms, alternating with a low power setting of 0 W
for 90 ms. The recipe positions the wafer 160 mm from the plasma at 20°C, with helium
introduced at 600 Pa. The helium pressure is reduced due to the wafer’s thinness after
such extensive processing, as higher pressure could risk breaking the wafer. This stage of

the Bosch process lasts approximately 25 minutes, enough time to etch through the wafer.

The etching process is complete when aluminum is visible through the propellant feeding
holes. At this point, the wafer is finished, although the materials used as the hard mask
or etch stopper still need to be removed. To eliminate the aluminum layer, a mixture
of phosphoric acid (H3POy), acetic acid (CH3COOH), nitric acid (HNO3), and water is
typically used. This reaction can occur at room temperature or between 40-50°C, with
an etch rate of 50-100 nm/min. Due to the hazardous nature of these chemicals, a com-
mercial preparation, TechniEtch Al-80, was used. This mixture was applied at 45°C for 7
minutes, ensuring the removal of the aluminum with slight overetching, as the structural
integrity of the devices was not compromised. The wafer is then thoroughly rinsed with
water, as the etchant is highly viscous, requiring careful removal. Before removing the
remaining SiO, on the backside, the wafer is dried in an oven to prevent damage to the
devices. The wafer is then submerged in HF to remove the oxide, followed by a rinse in

deionized water and another drying step in the oven.
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5.4 Protective coating

At this point, the fabrication process for the devices is complete, yielding functional emit-
ter systems. However, a final stage is added to the process: the inclusion of a protective
dielectric (Fig. @1) The purpose of this thin layer is to shield the device architecture
from degradation during emission, whether due to electrochemical processes or ion im-
pingement, as it is discussed in section @ To achieve this, the wafer is placed in a
furnace (Tempress AFK TS-Series V) for thermal oxidation, growing 500 nm of SiO,.
This technique directly affects the nanowires, increasing their diameter by 30-40%, as

shown in Fig. @, due to the lower density of the oxide [@]

(b) After thermal oxidation

Figure 26: Comparison of the thickness of silicon nanowires etched using the Alcatel
AMS-110 DE dry etcher: (a) before the thermal oxidation process and (b) after thermal
oxidation. The increase in thickness after oxidation is evident, attributed to the lower

density of the grown oxide.
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Chapter 6






6 Thruster perfomance

The performance of a thruster is a critical aspect in evaluating its suitability for specific
space missions, encompassing metrics such as thrust, specific impulse, efficiency, and op-
erational stability. These parameters are inherently tied to the design of the propulsion
system, the properties of the propellant, and the interplay between the emitter and extrac-
tor components. Furthermore, the structural integrity of the device plays a pivotal role;
any physical damage or degradation can significantly reduce the efficiency, compromise
thrust precision, and shorten operational lifespan. A comprehensive assessment of thruster
performance provides insights into the system’s capability to achieve precise thrust con-
trol, accommodate varying mission profiles, and operate reliably under diverse conditions.
In particular, the performance is strongly influenced by the emission characteristics of the
ionic liquid propellant, including the regime of operation and the distribution of emitted
species. This leads naturally to an exploration of the thruster’s emission profile, which
details how the beam of charged particles is generated and directed, as well as its impact

on overall efficiency and functionality.

6.1 Emission profile

Understanding the physical behavior of the emission profile in electrospray thrusters is
essential for optimizing their performance to meet specific requirements. The emission
profile provides critical insights into the angular distribution and trajectory of the emitted
particles, parameters that are directly related to thrust efficiency, forward momentum,
and the overall performance of the device. As discussed in the following sections, devia-
tions from the desired emission angles, such as off-axis emissions, can result in reduced
propulsive efficiency, increased energy losses, and accelerated wear on device components.
By analyzing this information, design improvements can be identified to mitigate unde-
sirable effects such as overspray or excessive divergence, ensuring longer system lifetime

and enhanced effectiveness.

One of the main challenges in electrospray technology is improving beam divergence to
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achieve the desired thrust levels while minimizing power consumption, reducing electrode
erosion, and increasing efficiency. Uncontrolled beam emission often results in a first-
tier failure mechanism known as overspray. Overspray can arise from misalignment of
thruster components or emitter geometry, leading to asymmetrical electric fields or non-
uniform propellant flows. A common manifestation of the overspray mechanism is off-axis
emission, where charged particles are emitted in directions diverging from the intended
thrust direction. Minimizing off-axis emissions is therefore critical to maximizing thrust

efficiency and extending device lifespan.

Section has defined the physical principles governing charge emission in electro-
spray under sufficiently strong electric fields. The field reaches its maximum intensity at
a surface with dimensions on the order of tens of nanometers, resulting in highly con-
centrated field lines at these points. The electric field required to produce emission is
achieved through the onset voltage (Vy), expressed in equation . This parameter,
which determines the initiation of the electrospray process, demonstrates that the emitter
system performance is significantly influenced by its geometric characteristics and the

properties of the propellant.

Electrostatic field equations suggest the use of highly sharp and pointy architectures
to reduce the required voltage and maximize particle emission. However, as detailed in
Section , these sharp structures can lead to unstable off-axis emissions, resulting in
broad emission beams that compromise the efficiency of the device. This section explores
the impact of modifying the geometric properties of the emitters, specifically the apex
angle, to control and optimize beam behavior. Similarly, the equations presented in Sec-
tion @ described the behavior of the fluid in relation to the nanowire network across the
emitter’s surface. Related to this, section introduces an initial analysis of the beam
behavior as a function of the resistance that these nanostructures impose on the flow of

the propellant.
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6.1.1 Beam angular profile as tip angle function

From physics perspective, sharp microneedles generate electrostatic fields more efficiently
by concentrating the field intensity at their tips, thereby significantly reducing the voltage
required to initiate emission. However, we hypothesize that in externally wetted struc-
tures with very sharp tips, undesirable off-axis emissions could take place even at relatively
moderate applied voltages if the emission is produced before the propellant reaches the

tip apex, thereby significantly reducing the efficiency.

This hypothesis is based on the extremely high electric field strength concentrated at
the tips and the perpendicular alignment of the field lines relative to the conductive sur-
face. As a result, at sufficiently high voltages, emission could be triggered at lower points
away from the tip. In such case, field lines would accelerate charges nearly perpendicular
to the emitter surface, resulting in wider beams. Furthermore, this hypothesis implies
that for a determined high voltage, structures with less steep slopes, characterized by

larger apex angles, would produce narrower beams.

To validate this hypothesis, a theoretical model was developed using COMSOL Multi-
physics software to analyze the beam emission angle as a function of the emitter angle
and the emission point’s distance from the apex. This model assumes a perfectly ax-
isymmetric cone with a height of 200 ym and an extractor grid positioned 100 pm away,
featuring an aperture radius of 300 um. The cone’s apex angle was varied incrementally
from 20° to 40° in 5° steps to observe the trends. For this theoretical analysis, a voltage
of 1.6 kV was applied between the emitter and the grid, contributing solely to the particle

velocity during the emission.

Potential off-axis emissions were simulated by tracking the trajectories of charged particles
ejected from various points along the emitter surface, ranging from 0.5 ym to 5 pm from
the tip. Figure @a illustrates the simulation model for a cone with a specific apex angle
emitting from defined points along its surface. The resulting beam behavior is presented

in figure @b, showing the beam divergence (p) as a function of the cone’s semi-angle for
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different emission points from the apex.
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Figure 27: (a) Axisymmetric COMSOL model of a 30° half-angle emitter, assuming a
voltage difference of 1.6 kV with respect to the grid, showing the field lines perpendicular
to the cone surface and the trajectories of the particles that are emitted at different
distances from the tip. (b) Angle with respect to the forward direction of the particle
trajectory as a function of the cone half-angle and for emission at different distances from

the tip.

The trends reveal that for a fixed cone angle, the trajectories of emitted charges exhibit
greater divergence as the emission point moves farther from the tip. This increase in the
trajectory angle is more pronounced for emission points near the tip and tends to saturate
at distances around 5 pum from the apex. Conversely, for a fixed emission point, the beam

divergence increases linearly with the emitter’s apex angle.

Thus, in very sharp microneedles, the intense electric fields near the tip could prema-
turely trigger the emission of charged particles before they reach the tip, following tra-
jectories nearly perpendicular to the emitter surface, as hypothesized. Since the electric
field intensity is directly influenced by the applied voltage, both the emission position
and the particle trajectory angle can be adjusted by varying the voltage, enabling the

emission angular pattern fine-tuning. To mitigate these effects, emitters with larger apex
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angles are a potential solution. These structures exhibit lower field intensities and lower
surface slopes, reducing the risk of premature off-axis emission and enhancing the overall

efficiency and stability of the system.

To analyze the off-axis emission phenomenon in electrospray thrusters, arrays with differ-
ent apex angles were fabricated according to the procedures outlined in section H Figure
@ illustrates emitters with apex angles of 35°, 30° and 20°, enabling experimental mea-
surement of beam divergence and comparison with theoretical models. These structures
were manufactured with a consistent nanowire density baseline, resulting in a uniform

hydraulic resistance of 6:10'® Pa-s/m across all configurations.
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(a) 35° (b) 30°

(c) 20°

Figure 28: SEM images of the nanostructured microneedles with (a) 35°, (b) 30°, and (c)
20° tip half-angle.

The emitter device was integrated into the modular thruster unit depicted in Fig. @ and
subjected to emission analysis using a Faraday Cup probe. This analysis was conducted
in a vacuum chamber featuring a cubic structure with sides of 290 mm and a central
extension tube measuring 775 mm in length and 97 mm in inner diameter. The chamber
pressure was established below 1075 mbar using an Edwards turbo-molecular pump with

an 85 L/s capacity. A cup-shaped electrode, known as the Faraday Cup, was integrated
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into the vacuum chamber to measure the angular divergence of the emitted beam. This
electrode detects the electric current generated by the emitted species upon colliding its
inner collector. Beam divergence data were acquired by placing the Faraday Cup on a
rotary stage, enabling its precise positioning at different angles. The current collected
at each position provided a spatial distribution of the particle stream and facilitated the

analysis of the emission dispersion.

The thrusters were operated over a voltage range, from near onset to breakdown, for
both positive and negative polarities. Emitters with larger half-angles, 30° and 35°, were
evaluated at applied voltages ranging from 0.8 to 1.8 kV in 0.2 kV increments. In contrast,
the emitter with the smallest half-angle, 20°, was tested over a narrower range of 0.6 and
1.3 kV in 0.1 kV steps to enhance accuracy in identifying the onset of off-axis emission.
The applied voltage followed a trapezoidal waveform with a 1 s period. Although the
voltage waveform was symmetric for both polarities, the positive half-cycle duration was
fixed while the negative half-cycle was adjusted in real time to ensure balanced and op-

posite total charge emission in each cycle, thereby avoiding propellant overcharging.

The measurements were conducted at a controlled temperature of 25°C using 1-ethyl-
3-methylimidazolium bis(trifluoromethylsulfonyl)imide (EMI-Im) as the propellant. This
setup enabled a detailed analysis into the impact of apex angle and voltage parameters

on off-axis emission behavior and angular beam divergence.

The experimental measurements are presented in the set of graphs in Figure @ The
I/V curves for emitters with different tip angles are presented in Figure @a. Consistent
with theoretical predictions regarding electric field concentration understanding, emitters
with smaller half-angles exhibit significantly lower onset voltages and substantially higher
currents. However, these sharper emitters are prone to electrical short-circuiting at volt-
ages near 1.3 kV. In contrast, emitters with larger half-angles present a stable operation

at voltages up to 1.8 kV.
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Figure 29: Graphics depicting emitters emitted current behavior as angle function under
a positive polarity. (a) Emitted current as applied potential function for each structure.
(b-d) Normalized collected current as a function of the collecting angle for emitters with

half-angles (b) 35°, (c¢) 30°, and (d) 20° for different applied voltages.

The angular current distributions measured by the Faraday Cup for positive polarity
are shown in Figures @b«@d, providing detailed insights into the influence of emitter
geometry on the emission profile behavior. Similarly, the plume dispersion for negative

polarity is displayed in a separate set of graphs in Figure @
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Figure 30: Graphics depicting emitters emitted current behavior as angle function under
a negative polarity. (a) Emitted current as applied potential function for each structure.
(b-d) Normalized collected current as a function of the collecting angle for emitters with

half-angles (b) 35°, (c¢) 30°, and (d) 20° for different applied voltages.

Emitters with the sharpest tips (i.e., lower half-angles) produce emission profiles re-
sembling Gaussian-like distributions, characterized by broad Full Width Half-Maximum
(FWHM), which are similar for both polarities (Figures @b and @b) The increase in
beam divergence observed at higher voltages is attributed to enhanced interactions, which
broaden the emission profile as current levels rise. Similarly, Gaussian patterns are evi-

dent in Figures @C and @c, extending to voltages of up to 1.6 kV. Beyond this threshold,
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a distinct anomaly emerges characterized by two pronounced current maxima appearing
at angles of +20°, indicating the onset of off-axis emission. Emitters with smaller half-
angles (20°), as shown in Figures @d and @d, exhibit this off-axis behavior even at lower
voltages near 0.8 kV, with current peaks at +20°. Increasing the voltage significantly
shifts the maximum angular position to £45°, corresponding to the highest measured cur-
rents prior to short-circuiting. These findings suggest that as the emitter angle decreases,

off-axis emission becomes increasingly dominant in the emission pattern.

The distinct I/V curves observed across emitters are a direct consequence of their ge-
ometric differences. To ensure meaningful comparisons, emission profiles were analyzed
at equivalent current levels. Figures @a and @b display emission profiles for currents
of 35 uA and 75 pA, respectively. Similarly, Figures @a and @b illustrate the results
for negative polarity. Even at comparable current levels, sharper emitters exhibit signif-
icantly distorted and broadened annular beam shapes, exacerbated by increased current
levels that amplify peak emission values and FWHM. Conversely, emitters with larger
angles maintain Gaussian-like profiles at both current levels, with broader beam patterns

only appearing as current increases.
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Figure 31: Comparison of normalized collected current as a function of beam aperture
under a positive polarity for emitters with half-angles of 35°, 30°, and 20° for emission
currents near (a) 35 pA and (b) 75 pA. (¢) Beam aperture angle evolution as a function
of emitted current. (d) Angular efficiency of the emitters as a function of the emitted

current.
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Figure 32: Comparison of normalized collected current as a function of beam aperture
under a negative polarity for emitters with half-angles of 35°, 30°, and 20° for emission
currents near (a) -35 pA and (b) -75 pA. (c) Beam aperture angle evolution as a function

of emitted current. (d) Angular efficiency of the emitters as a function of the emitted

current.

These observations support the hypothesis that ionic emission may occur prematurely,
before the propellant fully wets the apex of the emitter. Simulations shown in Figure
@b estimate the distances at which these emissions arise. In the 30° emitter operating
at 1.8 kV, the emission appears to dominate at distances between 200 and 300 nm from

the apex. For the 20° emitter, emissions may occur as far as 5 ym from the apex at
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a threshold of 1.3 kV, resulting in the broad annular profiles that eventually cause de-
vice short-circuiting. The difficulty of achieving well-defined nanowire coverage near very
sharp tips, due to steep surface slopes, likely hampers propellant flow to the apex. Con-
sequently, ionic emission is triggered by intense electric fields several microns away from
the tip, producing nearly perpendicular particle trajectories to the emitter surface. Figure
@c shows that off-axis emission in the 20° emitters is highly tunable with the applied
voltage, as demonstrated by consistent results for both positive and negative polarities,

confirming the symmetry of the emission process.

Off-axis emission is highly detrimental to thruster efficiency, as it significantly reduces

the forward momentum of emitted particles. The forward emission efficiency, defined as:

/2 I1.(0) cosOsin b do ’
= (6.1)

\ P IL0)sin0do

quantifies the impact of off-axis emission, where # is the angle relative to the emitter
central axis and I}C is the normalized collected current [102]. Figures @d and @d depict
the evolution of angular efficiency with emitted current for emitters of varying geometries.
Emitters with larger angles show a slight decrease in angular efficiency as applied voltage
and emitted current increase, maintaining efficiencies above 80%. In contrast, smaller-
angle emitters exhibit a more severe efficiency drop, falling to values as low as 55% at the

highest emission currents due to the formation of broad annular patterns.

6.1.2 Beam angular profile as hydraulic resistance function

The emission behavior of ionic species can also be influenced by the transport of pro-
pellant along the emitter array. As demonstrated in section , premature ejection of
the propellant can lead to off-axis emission. Similarly, it is reasonable to expect that
suboptimal transport toward the active emitter region will result in reduced emission
performance. To investigate this phenomenon, two emitter systems with identical geome-
tries, 30° conical structures, were compared. These systems were distinguished by their

hydraulic resistance values of 6-10'6 and 2:10'7 Pa-s/m3.
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Figure sets @ and @ illustrate the impact of hydraulic resistance on the performance
of electrospray emitters, particularly its influence on critical parameters such as emitted
current and beam divergence, in positive and negative polarities. As anticipated, an in-
crease in hydraulic resistance results in a modest reduction in emitted current (Figures

@a and @a), attributable to the restricted flow of ionic liquid towards the emitter tips.
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Figure 33: Comparison of 30° half-angle emitters with different hydraulic resistance for
(a) emitted current evolution as a function of applied potential. Normalized collected
current as a function of beam aperture for emitters at (b) 35 A and (c) 75 pA. (d) Beam

aperture angle evolution as a function of emitted current.
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Figure 34: Comparison of 30° half-angle emitters with different hydraulic resistance for
(a) emitted current evolution as a function of applied potential. Normalized collected
current as a function of beam aperture for emitters at (b) -35 pA and (c) -75 pA. (d)

Beam aperture angle evolution as a function of emitted current.

The angular current distribution patterns provide valuable insights into how emission
characteristics evolve with increased hydraulic resistance. At lower emitted currents, the
angular profiles exhibit Gaussian distributions, with emitters featuring higher impedance
displaying slightly narrower Full Width at Half-Maximum (FWHM) values (Figures @b
and @b) However, at higher current levels (Figures @c and @d), the differences between

the devices become more pronounced. The FWHM narrows significantly for emitters with
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greater hydraulic resistance. This reduction is likely due to the higher voltages required in
high-resistance emitters to achieve comparable current levels. Regardless of the applied
polarity (Figure @c), these higher voltages increase the kinetic energy of the emitted
particles, compensating for their reduced number by diminishing repulsive inter-particle

forces. Consequently, the angular divergence of the beam is reduced.

This reduction in beam divergence has a notable effect on forward emission efficiency.
Figures @a and @b depict the relationship between efficiency and emitted current for de-
vices with varying hydraulic resistances. Emitters with lower hydraulic resistance exhibit
a clear decline in efficiency as the emitted current increases. In contrast, high-resistance
emitters maintain efficiencies above 88% across the entire current range. This demon-
strates that optimizing hydraulic resistance provides a practical means to achieve more

focused emission beams, enhancing the overall efficiency of electrospray devices.
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Figure 35: Comparison of forward emission efficiency as a function of the emitted current
for the emitters with different hydraulic resistance at (a) positive polarity and (b) negative

polarity.

By managing hydraulic resistance effectively, the interplay between ionic liquid flow, emis-
sion current, and beam divergence can be fine-tuned, offering an additional pathway to

improve the performance of electrospray systems for applications demanding high preci-
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sion and efficiency.

6.2 Emitters degradation and Lifetime

6.2.1 Degradation mechanisms

As the optimization of emitter geometry successfully mitigates off-axis emission caused
by overspray, addressing long-term operational stability remains a crucial challenge due
to another potential failure mechanism: structural degradation during degradation. Over
extended operation, emitter structures are subjected to a range of physical and chemical
processes that can progressively deteriorate their integrity. This degradation not only al-
ters the emission characteristics but may also lead to severe performance losses, including
short-circuiting, unstable beam profiles, and eventual device failure. Understanding these

mechanisms is essential for designing more robust and durable electrospray thrusters.

Structural degradation can originate from multiple sources. One primary cause is the
redeposition of emitted species onto the emitter surface. In cases where charged particles
follow trajectories that do not completely escape the vicinity of the emitter array, they can
accumulate on the structure, modifying its shape and surface properties. Over time, this
accumulation alters the local electric field distribution, leading to emission instabilities
and potential electrical breakdowns. This effect is particularly pronounced in configura-
tions with high off-axis emission, where a significant fraction of the emitted particles may

be deflected back toward the emitter surface.

Beyond physical deposition, electrochemical reactions occurring during emission play a
crucial role in structural deterioration. Electrospray thrusters operate by extracting and
accelerating charged species, using ionic liquids as propellants. The high electric fields
at the emitter tips can induce unintended electrochemical interactions between the liquid
propellant and the emitter material. These reactions may lead to oxidation, corrosion,
or other forms of chemical alteration that progressively weaken the emitter structure. In

extreme cases, such modifications can compromise mechanical stability, increase electri-
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cal leakage, and disrupt the uniformity of the emission process. The interplay between
redeposition effects and electrochemical degradation presents a significant challenge in
ensuring the longevity of electrospray devices. As material accumulation and chemical
reactions reshape the emitter surface, local variations in the field strength can emerge, fur-
ther amplifying non-uniform emission patterns and accelerating structural failure. These
effects may become particularly severe when operating at high emission currents or under

extended duty cycles, where prolonged exposure exacerbates material wear.

In the following sections, we explore the key mechanisms underlying emitter degradation,
analyzing their impact on performance and failure modes. We also examine potential
strategies to mitigate these effects, including material engineering approaches, surface
treatments, and operational techniques aimed at preserving emitter integrity over ex-
tended operational lifetimes. By addressing these challenges, future electrospray thruster
designs could achieve greater reliability, stability, and efficiency, ensuring their viability

for long-duration space missions and advanced propulsion applications.

Early electrospray systems operated under constant polarity, often exceeding the electro-
chemical window and triggering degradation reactions. One of the most notable examples
is the electrospray thruster aboard the Pathfinder mission, which functioned under these
conditions. However, no significant degradation was reported, likely due to the specific
ionic liquid used in the system [b&,[103]. The challenges related with the electrochemi-
cal instability were later studied by Lozano through the use of EMI-BF, propellant in
combination with different conductive emitter materials. To counteract charge accumula-
tion within the electrochemical double layer and prevent saturation, a polarity-switching
technique was introduced, periodically reversing the electrode potential to discharge the

accumulated charge [104].

Despite this approach reduced the electrochemical effects, a rapid current decay was
still observed within a few minutes of operation. This decay was attributed to the viola-

tion of the electrochemical window within the confined spatial dimensions of individual
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pores, necessitating polarity switching at kilohertz frequencies, an impractical solution.
To further address this limitation, the implementation of the upstream distal electrode, a
configuration designed to protect the micro-tip emitters from degradation by redistribut-
ing electrochemical reactions away from the emission site, was proposed. In addition,
conductive emitters were replaced altogether to suppress faradic reactions, thereby min-
imizing degradation effects [105]. However, this modification introduced a trade-off, as
electrochemical attack was instead transferred to the distal electrode, acting as a sacrificial

component to preserve the longevity and stability of the emitter tips.

6.2.2 Degradation protection analysis in the fabricated externally wetted

emitters

Given that existing approaches have not successfully suppressed structural deterioration,
in this thesis, the use of protective thin films is evaluated as an alternative to current
degradation mitigation strategies. These coatings serve as a shielding layer to completely
eliminate issues related to direct electrochemical reactions during emission or related to
ion bombardment from charged species. Such degradation mechanisms arise from various
factors, including component misalignment, fabrication defects, or improper emission, all
of which exacerbate structural damage and can ultimately lead to system failure.

The most suitable materials for this protective role must: i) enable charge transport
without interfering with emission, ii) exhibit high chemical resistance, and iii) possess a
high breakdown voltage to withstand the intense electric fields experienced by the de-
vice. Based on these criteria and their deposition methodologies, silicon dioxide (SiOs)
[106,107], aluminum oxide (AlyO3) [108], and silicon nitride (SizNy), [L09-111] were se-
lected, including their advantageous properties and compatibility with the microfabrica-
tion process. These materials were deposited at the final stage of fabrication using different
techniques: silicon dioxide via thermal oxidation or Plasma-Enhanced Chemical Vapor
Deposition (PECVD), aluminum oxide through Atomic Layer Deposition (ALD), and sil-
icon nitride using PECVD. ALD technique is a highly controlled deposition technique
that ensures uniform and conformal thin films through sequential, self-limiting surface

reactions of precursor gases, making it ideal for high-quality, nanometer-scale coatings.
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PECVD, on the other hand, enhances the chemical vapor deposition process by utilizing
plasma to activate precursor gases, enabling lower deposition temperatures and improved
film properties. Initially, thermal oxidation was not employed for SiO, deposition due
to facility limitations with the available equipment. Instead, for comparative analysis of
layer degradation, SiOs was deposited using PECVD to maintain consistency across the
different materials. However, for lifetime studies, thermal oxidation was later adopted
due to its superior uniformity, as it grows the oxide layer from the silicon substrate rather
than depositing it externally. This method results in a more stable and homogeneous pro-

tective film, providing enhanced durability and resistance under operational conditions.

To thoroughly investigate the behavior of different materials under electrospray operation,
a systematic study was conducted to assess their resistance to prolonged electrochemical
reactions exposure. Thin films of 200 nm were deposited on silicon substrates, ensuring
uniform coverage to analyze their resistance to degradation. A physical characteriza-
tion was performed using Scanning Electron Microscopy (SEM), comparing coated and
uncoated silicon wafers, before and after emission, to determine the effectiveness of the
protective layers. The analysis provided insights into material stability and guided the

selection of the most suitable coatings for long-term operation.

The samples were analyzed in a high-vacuum chamber featuring a cubic structure with
290 mm sides and a central extension tube measuring 775 mm in length and 97 mm
in inner diameter. The chamber pressure was maintained below 10=® mbar, ensured by
an Edwards turbo-molecular pump with an 85 L /s capacity to provide a controlled en-
vironment for testing. Each sample was subjected to a 1.6 kV voltage applied in both
polarities, following a trapezoidal waveform with a 1-second period. While the voltage
waveform was symmetric in amplitude, the positive half-cycle duration was kept constant,
whereas the negative half-cycle was dynamically adjusted in real time. This adaptive con-
trol balanced the total emitted charge per cycle, effectively preventing overcharging of the
propellant, which is a critical factor in long-term emitter performance. EMI-BF, [104,112]

was selected as propellant due to its highly aggressive nature, ensuring that any mate-
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rial vulnerabilities would be revealed under extreme operational conditions. Comparative
SEM imaging before and after emission tests allowed for the identification of structural
and morphological degradation. The samples were exposed to these conditions for four
hours to determine which materials exhibited the highest resistance to electrochemical
corrosion and ion bombardment effects. Figure @ shows a bare silicon emitter struc-
ture before the emission. The structures exhibit poorly defined nanowires, as the coating
analysis was conducted at an early stage of the microfabrication process development.
Additionally, pre-emission images of the coated samples are not shown, as Fig. @ serves
as a representative case for all conditions. Furthermore, dielectric-coated devices tend to

accumulate charge during SEM inspections, making their observation more challenging.

Figure 36: SEM image of a bare silicon microneedle before electrochemical degradation

analysis using EMI-BF,.
Fig. @ provides a detailed comparison of the SEM images for the different coatings

after the test, offering insight into the degradation mechanisms affecting each protective

coating.
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(c) Al;O3 coated microneedle after emission

(d) SizNy coated microneedle after emission

Figure 37: SEM images of (a) a bare silicon, (b) SiO, coated, (¢) Al,O3 coated and (d)

SizNy4 coated microneedle after electrochemical degradation analysis using EMI-BF .

The SEM images shown in Fig. @ illustrate the overall behavior of the emitter system for

each analyzed sample. Consistent with the findings of Lozano et al. [104], degradation of

the emitters was observed when EMI-BF, was used and the bias was directly applied to the

silicon emitter, even under alternating polarity conditions. The tips of the microneedles

became blunt within minutes of operation, a result that aligns with the well-documented

electrochemical etching effect of EMI-BF, on silicon [112].
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(a) AlxO3 hollowed coating (b) Dried propellant layer

Figure 38: SEM images of microneedles with (a) AlyO3 hollowed coating and (b) dried

propellant after electrochemical degradation analysis using EMI-BF.

On the other hand, the results indicate a seemingly similar degradation pattern under
identical conditions for the different protective coatings tested. While all coatings demon-
strated significant chemical resistance, localized structural degradation was observed.
Specifically, in the case of Al,O3 and SiOs coatings, 4 and 9 out of the 101 protected
microneedles, respectively, exhibited a hollowing effect. In these instances, the protective
layer remained intact, but the underlying silicon was etched away, forming crater-like
structures (Fig. @a). This phenomenon can be attributed to deposition-related defects,
either due to inherent irregularities in the silicon substrate or limitations of the coating
deposition techniques. While atomic layer deposition (ALD) offers exceptional precision
at the atomic scale, plasma-enhanced chemical vapor deposition (PECVD) is generally
less uniform and can introduce pinhole defects in thin layers. In the studied systems,
since the material is deposited, the coating thickness could not exceed 200 nm without
compromising the structural integrity of the microneedles, which would, in turn, nega-
tively affect emission performance. Moreover, a dried propellant layer seems to cover the

emitter surface and its structures (Fig. @b) Nevertheless, it only can be proven by an

EDX.

Although longer-duration tests would be required to fully assess the long-term stabil-
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ity of these coatings, the preliminary results suggest that the three analyzed materials are
strong candidates for mitigating electrochemical degradation. Furthermore, the final tar-
get propellant for practical implementation is EMI-Im, which is inherently less aggressive

than EMI-BF 4, potentially reducing the severity of material degradation.

Following the chemical resistance analysis of the protective thin films, extended opera-
tional test were conducted using EMI-Im as propellant. In addition, thermal SiO,-coated
samples, 500 nm thick, were use to maximize the chemical. This coating was chosen over
the others due to its unique formation process: unlike deposited layers, thermal oxide
grows on the silicon substrate, thereby significantly reducing the structural impact on
the microneedles, and minimizes the potential pinholes, provided that oxidation condi-
tions are carefully controlled. The protected emitters were subjected to 100 hours of
continuous electrospray operation to assess long-term material stability. The tested de-
vice maintained the same structural configuration as in previous studies from this thesis,
ensuring consistency in the evaluation methodology. To further investigate material sta-
bility, elemental composition variations were examined using Energy Dispersive X-ray
Spectroscopy (EDX). This SEM-integrated technique enables the quantification of ele-
mental distribution and helps identify potential degradation mechanisms by detecting

compositional changes in key regions of the emitters.

The following SEM images (Fig. @a,b) provide a physical analysis of the devices af-
ter 100 hours of continuous emission. The structures have fully maintained their in-
tegrity, showing no visible signs of tip rounding or damage to the nanostructures. Prior
to SEM inspection, the emitter devices were cleaned using isopropanol, in which they
were submerged overnight to dissolve any remaining EMI-Im—a highly stable ionic liquid
containing organic radicals. Despite effectively removing most residues, traces of dried

propellant can still be observed around the emitter tips.
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(a) Emitter with dried EMI-Im

Figure 39: SEM images of thermal SiOs-coated microneedles (a) with and (b) without

dried propellant after 100 hours of electrochemical degradation analysis using EMI-Im.

To assess the chemical integrity of both the protective coating and residual dried pro-
pellant layers, figure @ presents SEM images of the device surface along, illustrating
the spatial distribution of key elements. This analysis provides a detailed evaluation of
the material’s long-term stability under continuous electrospray operation. Additionally,
Fig. @ displays the frequency spectra of the various chemical elements detected across
different regions of the device after 100 hours of uninterrupted emission. The peaks in
the EDX spectrum represent K, emissions, which are characteristic X-ray emissions that
occur when an electron from the K-shell (the innermost electron shell) is ejected, and an
electron from the L-shell drops down to fill the vacancy. This transition releases energy
in the form of X-rays, and each element has a unique K, peak at a specific energy. In
the given spectrum, the highest peak corresponds to silicon (Si), with its K, emission at
1.74 keV. The smaller peaks at lower energies correspond to carbon (C, K, = 0.277 keV)
and oxygen (O, K, = 0.525 keV), which are commonly found in silicon-based materials,
such as silicon dioxide (Si02). Moreover, a small peak can be observed in the two last
graphics, representing sulfur (S) with a peak at approximately 2.31 keV. Oxygen and
silicon are key elements present both in the deposited oxide coating, which serves as a
protective layer, and in the underlying substrate. In contrast, sulfur and carbon origi-

nate from the fundamental molecular structure of EMI-Im, appearing as residual traces
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of the ionic liquid following emission. These results confirm that the protective layer’s
chemical components remain uniformly distributed across the surface, demonstrating its
resilience against degradation induced by EMI-Im. Furthermore, traces of dried propel-
lant are observed in specific areas of the structure. However, it is important to note that
the propellant residue appears to have remained chemically inert, showing no signs of
reaction with the device despite its embedded presence. This staged approach ensured a
comprehensive understanding of material behavior, from initial resistance assessment to

long-term performance validation.
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(a) External region (b) Lower slope region

(¢) Mid-slope region (d) Tip region

Figure 40: SEM images of different regions of the emitter device coated with 500 nm of
thermal SiO, during EDX measurements: (a) external region of the emitter, (b) lower
slope of the emitter, (¢) mid-slope of the emitter and (d) emitter tip region. The squares

indicate the locations of EDX spectra measurements.
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Figure 41: Energy-dispersive X-ray (EDX) spectra corresponding to different regions
of the emitter device coated with 500 nm of thermal SiOy. (a) Spectrum from outter
region, (b) Spectrum from the lower slope of the emitter, (¢) Spectrum from the mid-
slope of the emitter. (d) Spectrum from the emitter tip. The highest peak in each
spectrum corresponds to silicon (Si, Ka = 1.74 keV), while smaller peaks at lower energies
correspond to carbon (C, Ka = 0.277 keV) and oxygen (O, K, = 0.525 keV). Additionally,
a small peak at approximately 2.31 keV in (c) and (d) represents sulfur (S). These results
confirm the uniform distribution of the protective oxide layer and the presence of residual

traces of EMI-Im, which remained chemically inert after emission.
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Chapter 7






7 Future perspectives

The results presented in this thesis have established a solid foundation for the devel-
opment of externally wetted electrospray propulsion systems. However, several aspects
require further exploration to enhance the performance, reliability, and scalability of these

thrusters. Future research efforts should address the following areas:

o Optimize the self-assembly process to improve the uniformity and reproducibility
of the colloidal lithography technique, allowing more homogeneous distributions to

be achieved, leading to better propellant control.

o Delve deeper into the use of KOH-based wet etching techniques to establish an
alternative fabrication route, enhancing structural uniformity and enabling batch

manufacturing of multiple wafers, including larger-scale production.
» Refine manufacturing processes to enable large-scale production.

o Conduct more comprehensive analyses incorporating long-duration I-V measure-
ments to monitor real-time degradation dynamics and assess emitter performance

over extended operation.

o Evaluate device behavior under space-relevant conditions, including thermal cycling,
vibrations, radiation exposure, and other environmental factors, to validate emitter

performance in actual mission scenarios.

o Perform long-term emission studies exceeding 500 hours across multiple device
batches to rigorously assess the operational stability and durability of the propulsion

system.

e Research and understand the different control mechanisms capabilities of the exter-
nally wetted emitters to properly define the dynamic switch between droplet and

ionic regimes, optimizing thrust levels.
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Chapter 8






8 Conclusions

The research presented in this Thesis provides an in-depth exploration of microelectrome-
chanical systems based on the electrospray phenomenon for small spacecraft propulsion.
It spans fundamental principles, emission dynamics, propellant transport mechanisms,
and long-term operational stability, advancing both the understanding and optimiza-
tion of these devices. The findings contribute to bridging the gap between fundamental
electrospray physics and its practical implementation in space propulsion, fostering the

development of efficient, long-lifetime propulsion systems.

A central focus of this thesis has been the establishment of a standardized, repeatable,
and industrially scalable fabrication method to develop functional electrospray emitters
using silicon as the primary material. By leveraging advanced semiconductor micro-
fabrication techniques in cleanroom environments, alongside disruptive approaches such
as colloidal lithography, the capability to manufacture emitter arrays with micro- and
nanoscale patterning has been successfully demonstrated. These emitters exhibit stable

operation, validating the feasibility of this fabrication approach.

The characterization of these devices has focused on several critical aspects of the tech-
nology, including the influence of emitter geometry on beam angular distribution and
thrust efficiency. The results confirm that tuning the emitter apex angle provides control
over emission divergence, enabling optimization of the thrust-to-power ratio while main-
taining emission stability. A quantitative correlation between emitter sharpness and local
electric field enhancement has been established, revealing an optimal design range that
minimizes undesired off-axis particle dispersion. Sharper emitters generate stronger local
electric fields, reducing onset voltages but increasing the likelihood of off-axis emissions
due to premature emission of the propellant before reaching the tip of the microneedles.
Conversely, larger apex angles mitigate undesirable beam broadening by ensuring a more
controlled acceleration of charged species along the intended thrust direction, resulting on

greater angular efficiencies. These insights provide essential design guidelines for future
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electrospray emitters, striking a balance between field enhancement and stable emission.

In addition, this research has provided significant insights into propellant wetting dy-
namics through the implementation of nanostructured surfaces. The development of
nanowire-based externally wetted architectures has been shown to effectively regulate
propellant transport along the surface, ensuring consistent wetting and minimizing flow
instabilities that could lead to operational inefficiencies or system failure. Furthermore,
the confirmation of hydraulic resistance as a governing parameter during electrospray
emission highlights its potential as a tunable factor for optimizing thruster performance,

and therefore, enabling greater angular emission efficiencies.

Material stability, a key limiting factor in prolonged electrospray operation, has been
another major area of investigation in this work. The evaluation of various materials as
protective coatings under the chemically aggressive conditions of EMI-BF, has demon-
strated that silicon dioxide (SiO2), aluminum oxide (Al;O3), and silicon nitride (SizNy)
exhibit high resistance to chemical degradation. However, the deposition method signifi-
cantly impacts the effectiveness of the protective layer, influencing both its uniformity and
thickness without compromising the emitter structures. Extensive long-term endurance
testing has confirmed that thermally grown SiO, coatings substantially extend emitter
lifespan by minimizing degradation from electrochemical reactions and ion bombardment.
These coatings maintain structural integrity, preventing surface irregularities that could
otherwise disrupt emission characteristics. Additionally, Energy Dispersive X-ray Spec-
troscopy (EDX) analysis has further confirmed that minimal compositional variations

occur in SiOs-coated emitters, reinforcing their suitability for extended mission scenarios.

From a broader perspective, the findings of this Thesis represent a significant advance-
ment in the state of the art for electric propulsion systems designed for small satellite
platforms. The demonstrated ability to control emission profiles and enhance material
resilience lays a strong foundation for further improvements in the operational lifespan

and thrust efficiency of electrospray-based spacecraft propulsion systems, highlighting the
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critical role of precise emitter design and fabrication.

While this research has addressed fundamental challenges associated with externally wet-
ted electrospray propulsion, further investigations are necessary to refine and extend these
findings. Device fabrication should focus on improving structural uniformity and repro-
ducibility, particularly regarding the propellant transport network, even at larger scales.
Additionally, exploring alternative fabrication techniques will be essential to reduce pro-
cess complexity and enhance industrial scalability. Furthermore, mission-scenario testing
in relevant space environments is necessary to validate the long-term viability of these
devices under real operational conditions, including launch phase conditions that could

impact device integrity.

In conclusion, this thesis presents a comprehensive framework for electrospray propul-
sion systems, contributing both theoretical advancements and experimental validations.
By addressing key limitations in emitter design, material degradation, and propellant
dynamics, this research paves the way for the next generation of high-performance micro-

propulsion technologies, supporting the evolving landscape of small satellite missions.
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