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Abstract

The utilisation of electric propulsion systems has become a well-established and
integral component of the contemporary space industry, particularly over the past
decade. Their enhanced longevity and efficiency render them optimal for use as
in orbit propulsion systems for long-term missions and similar endeavours. The
number of launches of spacecraft equipped with electric propulsion systems has
increased exponentially since 2010 and continues to grow at a steady rate. The
necessity for propulsion systems on these satellites is evident; however, established
propulsion systems, such as Hall thrusters, are inadequate for the requirements of
small- and micro-satellites. It is therefore evident that there is a high demand for
specialised micropropulsion systems.

One particularly promising technology that may prove capable of satisfying the
need for miniaturised propulsion systems are electrospray emitters. Electrospray
emitters represent a subcategory of the electrostatic thruster family. The intrinsic
design of these devices ensures their compactness, high efficiency, and the ability
to circumvent the necessity for external neutralisation. Their operation is based
on the extraction of ions from a liquid ion source. The extraction process is facil-
itated by the application of a strong, localised electric field, which deforms a fluid
meniscus into a so-called Taylor cone. At the apex of the Taylor cone, ions are
forcibly extracted from the fluid, subsequently exiting the electrospray emitter in
the form of a spray of ions, charged droplets, or a jet of charged fluid. The three
most common types of emitter are porous, externally wetted, and capillary.

The objective of this dissertation is to develop miniaturised capillary emitters.
In order to achieve a significant degree of miniaturisation, a micro 3D printing
method, referred to as two-photon lithography, is utilised. The emitters and
supplementary components of the thruster assembly are manufactured using a
polymeric base material. The project entails an investigation of the influence of
miniaturisation, as well as the realisation of new emitter designs. Furthermore, an
experimental characterisation setup has been designed and implemented for the
purpose of testing the fabricated emitters. This encompasses time-of-flight mass
spectrometry, optical analysis and current measurements.






Zusammenfassung

Der Einsatz elektrischer Antriebssysteme hat sich insbesondere in den letzten zehn
Jahren als fester Bestandteil der modernen Raumfahrtindustrie etabliert. Auf-
grund ihrer erhohten Langlebigkeit und Effizienz eignen sie sich optimal fiir den
Einsatz als Antriebssysteme in der Erdumlaufbahn fiir lang andauernde Missio-
nen und dhnliche Unternehmungen. Die Zahl der Starts von Satelliten, die mit
elektrischen Antriebssystemen ausgestattet sind, hat seit 2010 exponentiell zuge-
nommen und steigt weiterhin stetig an. Die Notwendigkeit von Antriebssystemen
fiir diese Satelliten liegt auf der Hand, jedoch sind etablierte Antriebssysteme, wie
Hall-Triebwerke, fiir die Anforderungen von Klein- und Mikrosatelliten nicht ge-
eignet. Daher besteht ein hoher Bedarf an spezialisierten Mikro- Antriebssystemen.

Eine besonders vielversprechende Technologie, die als Mikro-Antrieb fungieren
kann, sind Elektrospray-Emitter. Elektrospray-Emitter sind Teil der Familie der
elektrostatischen Triebwerke und sind so konzipiert, dass sie kompakt sind, einen
hohen Wirkungsgrad haben und keine externe Neutralisierung benotigen. Ihr Be-
trieb basiert auf der Extraktion von Ionen aus einer fliissigen Ionenquelle. Der Ex-
traktionsprozess wird durch das Anlegen eines starken, lokalisierten elektrischen
Feldes hervorgerufen, das einen Fliissigkeitsmeniskus in einem sogenannten Taylor-
Kegel verformt. An der Spitze des Taylor-Kegels werden die lonen zwangsweise aus
der Fliissigkeit extrahiert und verlassen den Elektrospray-Emitter in Form eines
Ionensprays, von Tropfchen oder eines Fliissigkeitsstrahls. Die drei gebréauchlichs-
ten Emittertypen sind poros, extern benetzt und kapillar.

Ziel dieser Dissertation ist die Entwicklung von miniaturisierten Kapillaremit-
tern. Um einen signifikanten Miniaturisierungsfaktor zu erreichen, wird ein Mikro-
3D-Druckverfahren, die so genannte Zwei-Photonen-Lithographie, eingesetzt. Die
Emitter und die erganzenden Komponenten der Triebwerksbaugruppe werden aus
einem polymeren Basismaterial hergestellt. Das Projekt umfasst die Untersuchung
des Einflusses der Miniaturisierung sowie die Realisierung neuer Emitterdesigns.
Auflerdem wurde ein experimenteller Charakterisierungsaufbau entworfen und im-
plementiert, um die hergestellten Emitter zu testen. Dieser umfasst Flugzeitmas-
senspektrometrie, optische Analyse und Strommessungen.
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Chapter 1

Introduction

There has been a gradual increase of interest in space applications over the past two
decades. The collection of data, the transmission of information and the observa-
tion of the Earth’s surface drive the development of interest in space applications at
the administrative and governmental levels. From approximately the early 2000s
onwards, new private companies amassed in excess of $20 billion in funding over
the period between 2000 and 2018 [2]. The term "new space' was first coined to
describe this increase in funding and competitiveness in the sector, which had pre-
viously been dominated by government entities. Although the term "new space" is
not precisely defined, it is most commonly attributed to a change in mindset and
risk management of the newly founded companies . The companies associated
with this paradigm shift are more inclined to assume financial risks with the ob-
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Figure 1.1: The charts illustrates the distribution of payload launches by orbit and object mass.
The graphic on the left depicts the number of objects launched annually into an orbit height
range of 200km to 1750km. The right-hand graph illustrates the number of objects launched on
an annual basis into an orbit with a height range of 35000km to 36800km. In both plots, the
objects are classified into distinct categories based on their respective masses. Source: |\
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Figure 1.2: The number of objects contributing to a constellation in low Earth orbit (LEO) is
illustrated in the accompanying graph, which depicts the total number of objects in LEO over
a period of years. The objects have been categorised according to whether they contribute to a
constellation or not. Source: [1]

jective of accelerating the development of launch and satellite systems, as well as
reducing the costs associated with launching payloads into orbit. A case in point
is the company SpaceX, which has enjoyed considerable success with its approach
to the development of launchers and its mega constellation, StarLink [2]. This in-
crease in space activities results in a notable increase in the number of both active
and inactive spacecraft in Earth orbit [1]. The European Space Agency (ESA) re-
ports an exponential growth in the number of objects launched into Earth’s orbit,
with the most significant changes observed in low Earth orbit (LEO). Moreover,
the type of spacecraft launched into orbit has undergone significant changes over
the past decade, with a notable shift towards smaller satellites in recent years [1].
In the early 2000s, the majority of telecommunication satellites were launched into
geocentric Earth orbit (GEO). However, from approximately 2006 onwards, there
was a notable shift towards the deployment of smaller satellites in lower orbits.
Figure illustrates the distribution of satellites in low Earth orbit (LEO) and
geosynchronous Earth orbit (GEQO). As can be observed from the graphs, there has
been an exponential increase in traffic in the LEO, while there have been almost
no changes in the GEO. The majority of traffic in LEO is attributable to satellites
with a mass of 100kg to 1,000 kg, which are classified as small satellites. The in-
crease in traffic can be attributed, at least in part, to the advent of constellations,
as illustrated in Figure Over half of the satellites with a mass of 100 kg to
1,000 kg contribute to constellations in the LEO. Furthermore, it is notable that
despite the majority of traffic being caused by small satellites, a significant por-
tion is contributed to cubesats with a mass of less than 10kg. The emergence of
constellations has also led to an increased demand for affordable and commercially

2



viable propulsion systems. Additionally, there has been a rise in the number of
countries advocating for the establishment of space laws, with a particular focus
on regulating the usage and end-of-life management of spacecraft in orbit. France,
for instance, requires a dedicated "end-of-life" strategy for orbital systems, entail-
ing either a scheduled re-entry or the placement in a graveyard orbit |3, 4]. With
an on-board propulsion system, the planned re-entry can be accelerated, thereby
reducing the probability of collisions.

In light of the growing interest in cost-effective, miniaturised thruster solutions,
electrospray emitters were identified as a potential technology for consideration in
this project. Electrospray emitters, also known as colloid emitters, are classified as
a type of electrostatic thruster [5]. The primary advantages of electrospray emit-
ters are their minimal power requirements, straightforward access to propellants,
and their capacity for miniaturisation. This renders them an optimal technology
candidate for a miniaturised thruster system for small and micro satellites. A com-
mercial implementation with flight heritage of this technology is already in place.
The Austrian company ENPULSION has been highly successful in the commer-
cialisation of an electrospray thruster utilising porous metal emitters and indium
as a propellant. To date, they have deployed in excess of 200 thrusters in orbit,
primarily on small satellites [6]. The heritage thrusters produced by ENPULSION
are capable of delivering thrusts ranging from 300 uN up to 1 mN, with an input
power of 40 W to 105 W [7]. This makes them an attractive propulsion system
for smaller satellites. Nevertheless, there is scope for further enhancements to the
technology. The emitter needles utilised by ENPULSION are on the centimetre
scale and significantly exceed the limits of miniaturisation. Furthermore, it should
be noted that ENPULSION’s thrusters require the use of an external neutraliser
in order to operate.

The objective of this project is to advance the development of electrospray thrusters
to the next generation. This will entail the further miniaturisation of both the
emitter structures and the thruster as a whole to the micro scale. The reduction
in size facilitates enhanced flexibility for the thruster system. In contrast to the
use of a single digit number of emitters, the new approach is to employ a signifi-
cant number of micro-emitters in parallel. The desired level of thrust is achieved
by employing a scaling-up by numbering-up paradigm. This approach enables the
adaptation of the thruster system to a wide range of small and micro-satellites.
Furthermore, the new type of emitter is designed for the utilisation of ionic liquids
as propellant and for operation in both polarities. This eliminates the necessity
for an external neutraliser, thereby enhancing the flexibility of the system. In
order to achieve the desired miniaturisation, a compatible manufacturing method
was selected. In a previous project, two-dimensional planar photo lithography was
employed for the fabrication of flat capillary-type electrospray emitters [8H10]. In
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1. Introduction

line with the findings of the preceding project, the decision was taken to alter
the manufacturing method from 2D planar photo lithography to 3D two-photon
lithography. This defines the initial objective of the project. This entails the adap-
tation of the preceding results to the recently selected manufacturing technique,
namely a transition from planar 2D geometries to 3D geometries. The project’s
objective is to plan, design and fabricate electrospray emitters from polymer using
3D two-photon lithography. As the 3D capabilities offer completely novel geo-
metric approaches to the emitter structure, this objective also encompasses the
identification and characterisation of new geometries for emitter structures. The
second objective is the design and assembly of a testing facility that allows for
the characterisation of the aforementioned emitter structures. The third and fi-
nal objective of this project is the miniaturisation of the complete electrospray
thruster assembly, which includes the emitter structures, the extractor electrode
and peripheral emitter parts.



Chapter 2

Theoretical foundations

2.1 Electrospray thrusters

Electrospray thrusters represent a subcategory of the broader electrostatic thruster
family. This thruster type extracts ions from a conductive liquid propellant and
accelerates them using a static electrical field [11], [12]. The required electrical field
is generated by an applied voltage between the liquid propellant and an extraction
electrode situated in the emission direction [13]. The thrust generated is a function
of the accelerated ions and is determined by the molecular mass of the propellant
and the applied voltage. In comparison to other common electric propulsion sys-
tems, such as ion engines or Hall thrusters, electrospray emitters utilize a liquid
ion source (LIS) instead of ionized gases [11}, |12, [14-16]. A liquid ion source
may be constituted by a liquid metal exposed to a strong electrical field or an
ionic liquid [17]. Electrospray thrusters utilising a liquid metal ion source are also
commonly referred to as field emission electric propulsion (FEEP) [6, |16} |18, [19)].
Figure depicts a computer-generated illustration of an exemplar of an electro-
spray emitter with an integrated extraction electrode. The operational principles
of electrospray thrusters will be discussed in greater detail below.

Electrospray thrusters possess a number of significant advantages, which collec-
tively position them as a highly promising technology for small and micro space-
craft among the various electric thruster types|20]. They offer an extremely
favourable ratio of electrical power to thrust, as well as a high mass efficiency.
In contrast to Hall thrusters and ion engines, there are no losses of propellant
due to neutral gas losses. Furthermore, the vacuum-stable liquid propellant ex-
hibits almost no propellant loss due to evaporation. The combination of a very
high specific impulse of 1,000 seconds to beyond 4,000 seconds and the minimal
propellant loss, result in an overall very high mass efficiency [6, 18] |19, 21]. As
the propellant is readily ionized by the static field, or is already ionized in the
case of ionic liquids, the energy cost for generating ions is minimal. Consequently,

)



2. Theoretical foundations

Figure 2.1: Computer-generated image depicting an electrospray thruster comprising a capillary
emitter with an integrated extraction electrode. The emitter design, developed during this project,
comprises three parts: the emitter plate with the emitter structure and the bottom; a spacer layer
which separates the emitter from the extraction electrode; and the extraction electrode itself.

the majority of the input power is directly translated into thrust . Addition-
ally, this technology exhibits excellent miniaturization capabilities, as electrospray
thrusters are inherently compact and can be further miniaturized without com-
promising efficiency. In contrast to the majority of plasma-based thrusters, which
experience a decline in performance upon miniaturization, electrospray thrusters
can actually benefit from the miniaturization process, depending on the design of
the emitter 21H24]. Moreover, the handling of the liquid propellant is consider-
ably more straightforward than for gaseous propellants, as there is no requirement
for pressure vessels. In the case of a liquid metal ion source, the propellant may
be in a solid state, when the thruster is turned off and only heated and liquefied
during operation, thus, further simplifying the handling process , . Electro-
spray thrusters are capable of providing highly precise thrust and impulse bits,
rendering them optimal for precision movement and station keeping. This quality
makes them particularly attractive for constellation flight or low Earth orbit (LEO)
operations ﬂ@, . Additionally, electrospray emitters operating with ionic liquids
possess the unique ability to emit ions of both positive and negative polarity. By
alternating between these polarities, it is possible to achieve active charge balanc-
ing of the spacecraft, reducing the necessity for an external neutraliser [26/28].

Overall electrospray thrusters offer a wide variety of advantages for small and mi-
cro spacecraft; however, these systems also have their drawbacks. The total thrust
generated by electrospray propulsion systems is relatively low, which renders them
less suitable for use in larger spacecraft , . This can be mitigated to some
extent by increasing the number of thrusters, but it is ultimately constrained by
the size of the spacecraft and the diminishing returns associated with additional
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2.1. Electrospray thrusters

mass. Another significant challenge is the lifetime of these propulsion systems.
The thrusters are known to experience issues with the deposition of propellant on
the extraction electrode, which can result in a degradation of performance or even
a failure of the entire system. As the propellant is vacuum-stable, it cannot be
removed passively; thus, either active cleaning procedures or more complex designs
are necessary to counteract this deposition [6} 30, |31]. Furthermore, the handling
of propellants in the absence of gravity presents an additional challenge. In the
absence of gravity, the out-gassing or residual gases in the liquid propellant can
become a significant issue, as the gases are unable to rise or leave the fluid. This
can result in the formation of bubbles in the liquid or the occurrence of sponta-
neous overflows in the emitter structures. Overflowing emitter structures represent
another challenge for electrospray thrusters [32]. Depending on the emitter design,
an overflow can directly cause a short circuit, rendering the thruster unusable.

A comparison of the advantages and challenges indicates that, in the majority
of cases, the advantages outweigh the disadvantages. This is particularly evident
in the context of small and micro spacecraft. In light of the prevailing trends in
launches, as outlined in Chapter [I there is a notable increase in scientific and
commercial interest in electrospray thrusters. Furthermore, given the potential for
further improvements that could address or resolve many of the current challenges,
this interest is likely to continue to grow.

2.1.1 Principle of operation of electrospray thrusters

As previously stated, electrospray thrusters operate by extracting ions or charged
droplets of a conductive liquid propellant via a static electrical field. Subsequently,
the ions or droplets are accelerated by the same field, thereby generating thrust.
The extraction of ions is a direct consequence of the interaction between the fluid
and the electrical field [5, 33-35]. In the absence of an applied electrical field, the
fluid assumes the form of a droplet or meniscus, shaped by the combined effects of
viscosity and surface tension. Once the conductive fluid is exposed to an electrical
field, a process known as charge polarization ensues. The direction of the field
determines whether a negative or positive charge is accumulated in the vicinity of
the fluid’s surface. The charges are subject to the Coulomb force, which gives rise
to a tangential and normal component in relation to the fluid surface. Moreover,
a dielectric force acts to displace the charges in an outward direction, typically
along the surface of the fluid. The fluid attains a state of equilibrium between
the internal cohesion forces (surface tension and viscosity stress) and the external
electrical forces (dielectric and Coulomb forces), which results in a deformation
of the fluid meniscus[33H37]. In the majority of cases, the internal forces exert
a considerably greater influence than the external electrical forces generated by
weak electrical fields. This results in only minimal deformation. However, an
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Figure 2.2: Schematic drawing depicting the Taylor cone in the process of ion emission. It should
be noted that this drawing assumes rotational symmetry along the central axis. The half angle
of the cone, also referred to as the Taylor angle, is represented by the symbol 0. Taylor used a
static model to describe the physical process behind the cone formation. In this model in the state
of equilibrium of forces, the angle is calculated to be 49.3° [36]. Additionally, the acting forces
and their direction, which define the Taylor cone, are outlined by arrows. The relevant forces are
the surface tension force, the viscosity stress, the dielectric force and the tangential and normal
Coulomb forces. For the Taylor cone to form, it is assumed that a voltage is applied to the fluid
and that there is an electrode connected to ground downstream. Graphic adapted under & from
137

intensification of the electrical field strength will result in an augmentation of the
external electrical forces. As the external electrical forces approach a magnitude
similar to that of the internal forces, the deformation becomes more severe, result-
ing in the formation of a cone-like shape. This phenomenon was documented for
the deformation of water droplets by Geoffrey Taylor in 1964 and was given the
name "Taylor cone" [33-36], 38]. Figure depicts a schematic representation of a
Taylor cone and the forces acting upon it. The typical half angle of a Taylor cone
is 49.3° , which can be calculated from the equilibrium of the forces acting upon
it [33+36), 138, 139]. The precise electrical field required for the formation of a Taylor
cone is contingent upon the physical properties of the fluid in question. Never-
theless, the resulting cone shape remains consistent. A significant attribute of the
Taylor cone is the intense local electrical field that acts upon its tip. The tip of a
Taylor cone is typically only nanometers in diameter, rendering it susceptible to
an extreme local electrical field given its minute volume. In this environment, ions
are dislodged from the fluid as the acting electrical forces prevail over the internal
cohesion forces [33-36}, 38-40]. The ions are then accelerated within the electrical
field and exit the area of the Taylor cone as a fine spray. This phenomenon lends
the thruster its designation of "electrospray”.

Multiple factors can influence the emission behaviour of the Taylor cone. The
characteristics of the emitted particles can depend on the applied field, the flow
rate, and the characteristics of the fluid in question [41]. Furthermore, the Taylor
cone can emit charged droplets of varying sizes or a constant jet of fluid. The
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2.1. Electrospray thrusters

charged droplets typically consist of quasi neutral pairs and additional ions. Such
droplets can also split into neutrals and ions after leaving the area of emission. The
continuous emission is called cone jet mode, and can be stable or exhibit motion
patterns like a whip, or alternatively, they can manifest in transient modes that
are a combination of the aforementioned characteristics |21} 31, 42-45]. Each emis-
sion mode is designated a distinct nomenclature for its description and has varying
applications. For example, the pure ionic mode is characterised by the emission
of pure atomic or molecular ions. In this mode, the ions are accelerated to high
velocities due to their low mass, resulting in a high specific impulse (Is,). This
mode is highly mass-efficient, rendering it an optimal choice for electric propulsion
systems 11} 146]. However, this mode also exhibits a very low mass flow rate, which
results in a corresponding low thrust. In the event that the cone begins to emit
droplets in addition to pure ions, the mass flow rate will be considerably higher for
the same emitted current. The droplets typically carry multiple ions of opposing
charge, with only an imbalance of one or two charges. This results in a markedly
different charge-to-mass ratio compared to pure ion emission. Depending on its
size a single charged droplet can readily transport a mass two to ten times greater
than that of a pure ion [21} 43]. This results in a reduction of the acceleration of
the droplets, which in turn leads to a lower Ig,. Nevertheless, the elevated mass
flow rate at a constant emission current yields increased thrust. In light of these
considerations, it becomes evident that each emission mode possesses distinctive
advantages and disadvantages. The selection of the optimal emission mode in a
given situation provides a high degree of flexibility within an electrospray system.
Nevertheless, this also necessitates the precise regulation of emission parameters,
such as electrical field strength, to prevent the transition from one emission mode
to another [21} 31} |42H45].

2.1.2 Emitter types and designs

In order to facilitate the ion emission in a controlled manner, it is possible to
utilise structures that are capable of shaping the electrical field or of moving and
retaining the fluid within a specified volume. Such structures are referred to as
emitters or emitter structures. The use of emitters has been demonstrated to
significantly enhance the predictability of ion emission, thereby facilitating the re-
producible generation of ions under designed operational parameters. In order for
electrospray to be successfully applied in an electric propulsion system, it is essen-
tial that both reproducibility and reliability are achieved. The majority of emitter
structures can be classified into one of three categories. All three types of structure
operate on the same fundamental principle, as outlined in Section 2.1.1] However,
there are significant differences in the manner in which they move and expose the
conductive liquid to the electrical field. The three emitter types are externally
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Figure 2.3: Schematic illustration depicts the three most prevalent emitter types. From left to
right, the externally wetted emitter, the porous emitter and the internally wetted capillary emit-
ter. While all three types employ the same fundamental emission process, they utilise different
mechanisms for the propellant transport. The light blue arrows delineate the propellant flow for
each emitter type. Moreover, the requisite extraction electrode and associated extraction voltage
are tllustrated in the diagram. Graphic adapted under from

wetted emitters, porous emitters and internally wetted capillary emitters [11]
50]. Figure illustrates the schematic representation of each emitter type,
highlighting the principal distinctions between them.

The first emitter type, the externally wetted emitter (depicted on the left side of
Figure , provides and exposes the liquid through surface forces. The opera-
tion of these devices is facilitated by the application of a liquid to the surface of
the emitter base. Subsequently, the fluid is drawn towards the emitter by surface
forces [51), [52]. In the majority of instances, externally wetted emitters are coated
with a material that enhances the adhesion of the fluid and facilitates wetting
behaviour. One example of such a coating is a layer of nano wires . The nano
wires exert capillary forces on the fluid, thereby pulling and maintaining it along
the surface of the emitter. Typically emitters are shaped in a cone-like manner
or feature sharp edges or corners. Such shapes facilitate the concentration of the
electrical field at the emitter’s tip, thereby localising the ion emission. At the tips,
the electrical field strength is significantly enhanced in comparison to a flat surface.
This phenomenon can be attributed to the gradient of the electrical field and is
analogous to the effect observed in a lightning rod . Externally wetted emitters
can be manufactured from a wide range of materials. The most commonly used
materials are metal needles and silicon , . Metal needles are employed in the
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2.1. Electrospray thrusters

fabrication of macroscopic emitters with a diameter of up to several millimetres,
whereas silicon is the material of choice for the production of microfabricated emit-
ters. The most common range for microfabricated emitters is between 1000 pm and
less than 50 pm, with a variety of sizes and shapes [51}, 53]. Such emitters can be
manufactured by wet etching of silicon wafers or micro-machining of wafers with
an ion beam or conventional mechanical methods. These emitters are generally
the most straightforward to manufacture due to their comparatively simple shape
and the readily available processing methods. Although externally wetted emit-
ters are more straightforward to manufacture, they are also constrained in terms
of design flexibility. The surface wetting restricts the potential for modifications
to the shapes of the emitters and reduces the flexibility of the thruster design.
Furthermore, externally wetted emitters are confronted with a considerable obsta-
cle in regard to the propellant delivery. It is of the utmost importance to ensure
that the influx of fluid is carefully balanced. In the event that an excess of fluid
accumulates between the emitter structures, the potential for the formation of sec-
ondary emission sides arises [31, 53]. Secondary emission refers to the extraction
of ions from a larger droplet of propellant, and is, in general, an unpredictable
phenomenon. It results in uncontrolled wetting of other thruster parts. This has a
particularly detrimental effect on the extractor electrode, which can result in short
circuits and accelerated degradation of the thruster, thereby reducing its lifespan
considerably [31], 55].

The second category of emitters is the porous emitter. Figure illustrates a
porous emitter in its centre. Porous emitters are manufactured from porous ma-
terials, as the term "porous' would suggest. The two most commonly utilised ma-
terials are of a distinct nature. One of the two material types are porous metals,
such as tungsten or titanium sponges [11, 48]. The aforementioned metals are typ-
ically shaped into emitters via a mould sintering process or machined from a metal
sponge. The second category of materials comprises non- or semi-conductor mate-
rials, including porous glasses and silicon |16} 50, 56]. The most common method
of manufacturing emitter from these materials is through machining or etching.
Porous emitters are typically similar in shape and manufacturing to external emit-
ters, with cone shapes being the most common. A significant distinction between
porous and externally wetted emitters is the manner in which the former facili-
tate the transfer of propellant to the emission sites. The porous microstructure
enables the propellant to flow through the material itself, in a manner analogous
to the flow through a sponge. The capillary forces exerted by the minute pores
draw the liquid propellant from a reservoir or superstructure, thereby establishing
a passive propellant feeding system that supplies propellant to the entire struc-
ture. Upon reaching the tip of a coned emitter, the propellant forms a Taylor
cone on the pore’s orifice, thereby initiating ion emission. A notable benefit of the
porous microstructure is that porous emitters are capable of exhibiting multiple
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2. Theoretical foundations

emission sites on a single emitter [48, 57]. The tip of such an emitter has a high
density of pores facing the extractor electrode, allowing multiple pores to emit
ions in parallel. This significantly enhances the ionic current that can be emitted
from a single emitter. However, this advantage is accompanied by a disadvan-
tage. The porous structure is inherently dependent on a statistical distribution
of the pores, which significantly reduces the predictability of the emitters in case
of miniaturised devices. No two emitters will be identical, and the variation in
fabrication will affect the emission behaviour of each emitter. This gives rise to a
certain degree of uncertainty with regard to the thruster system, insofar as there
is a possibility that the emission site may spray onto the extractor electrode or
onto another location [57]. Furthermore, the miniaturisation of the emitters is
contingent upon the base material employed. If the pore size of the material is
too large, the emitters cannot be miniaturised beyond a certain point. As the
lateral dimension of the process approaches the same magnitude as the emitter
dimensions, miniaturisation becomes challenging [58|, 59]. Overall, the majority of
manufacturers and research groups focus on this type of emitter due to its high
current output and inherent propellant feeding mechanisms, making it the most
used emitter type in electrospray propulsion systems.

The third category comprises capillary emitters, which are also referred to as
internally wetted emitters. The present study is primarily concerned with this
particular emitter type. On the right-hand side of Figure [2.3] an example of an
internally wetted emitter is provided. Capillary-type emitters constitute the most
prevalent type of electrospray emitter, because they were the first ones used. At
the outset of the investigation into the electrospray phenomenon, steel capillaries
were employed to facilitate ion emission. Furthermore, macro capillary emitters
are widely used in mass spectrometry experiments as a means to ionise sample
material [33, 34]. For this application a Nobel price was awarded in 2002 [60].
However, they have seen little use in electric propulsion systems in recent years.
Internally wetted emitters utilise a capillary system to facilitate the movement of
fluid towards an orifice [33-36, |38, 142]. At the orifice, the fluid is exposed to the
electrical field, whereby it forms a Taylor cone under the influence of the field.
Figure provides a more detailed illustration of this process. In contrast to
externally wetted or porous emitters, the configuration of the capillary has a rel-
atively limited impact on the emission process. As the fluid meniscus constitutes
the cone itself, no external assistance is required for the emission of ions. The
key factors influencing the emission at the macroscopic level are the propellant
flow rate, the capillary orifice diameter and the local electrical field [21, [31} |43].
A significant benefit of capillary emitters is their capacity for scalability. The re-
duction in propellant flow rate that occurs as a result of the miniaturisation of
the capillary orifice leads to an increase in the efficiency of the emitters. A re-
duction in flow rate increases the likelihood of the emitter operating in pure ionic
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emission mode [22]. Nevertheless, reducing the flow rate represents a significant
challenge. There are multiple ways to achieve a lower flow rate for capillary-type
emitters. One obvious approach is the miniaturisation of the emitters, which has
already been mentioned. By reducing the diameter of the capillary for a given
pressure difference, the flow resistance decreases in accordance with the law of
Hagen-Poiseuille. The law of Hagen-Poiseuille provides a means of calculating the
flow rate V for a given system. The flow rate V is given by pressure gradient over
the length of the capillary g—g multiplied by 7 and the 4™ power of the capillary
radius r divided by eight times the viscosity of the liquid 7.

Given the law of Hagen-Poiseuille, one method of reducing the flow rate is to de-
crease the diameter of the capillary. The radius exerts the greatest influence on
the volume flow, with an impact that is proportional to the fourth power of the
radius. To illustrate this, a reduction in the diameter of the capillary by half will
result in a decrease in the volume flow by a factor of 16. Given the aforemen-
tioned characteristics of capillary-type emitters, namely their enhanced efficiency
at low flow rates and the significant reduction in flow rate that can be achieved
by reducing the capillary diameter, it is evident that downscaling the emitters
is a logical conclusion. Nevertheless, downsizing the emitters to the micro level
represents a significant challenge. At the time this phenomenon was first identi-
fied and proposed for use as a propulsion system, the manufacturing options were
limited, which led to the cessation of this approach. It was only with the advent
of microfabrication technology in the early 2000s that efforts were made to man-
ufacture micro-scale capillary-type emitters |8} |L5]. One method of manufacturing
a miniaturised micro emitter is by the etching of channels into silicon [61]. This
process yields microcapillaries with a diameter of 10 pm or less. An alternative ap-
proach is to additively manufacture the capillary structure from a polymer using,
for example, a stereo or 3D lithography device. Nevertheless, the downscaling of
the emitters presents an additional challenge. The high degree of miniaturisation
necessitates precise control of the pressure or feeding rate of the capillaries. Over-
spilling is a common issue with miniaturised capillary-type emitters [32,|61]. It has
been demonstrated during this study that only reducing the capillary diameters
is an ineffective solution to this problem. Furthermore, at this microscopic scale,
influences such as capillary forces and surface tension become significant factors
that must be considered. This results in a system that is difficult to control, with
a fragile balance of input pressure and fluid feed rate. In order to address this
challenge from multiple perspectives, one research group attempted to infuse cap-
illaries etched from silicon with silica beads. The objective was to affix the beads
to the internal surface of the capillary in order to impede the flow of the propel-
lant and thereby reduce the likelihood of overflow. An alternative approach was
to increase the fluid path by manufacturing fluid channels of considerable length,
which would increase the flow resistance due to the high surface friction along
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Figure 2.4: Images depicting a emitters that have been fabricated by additive 3D micro-printing
using two-photon lithography. The image on the left is a scanning electron microscope (SEM)
image of a single microcapillary emitter. The emitter features a straight capillary with a diameter
of 10 um , which is manufactured from SU-8 polymer. The image on the right was captured using
an optical microscope. The image on he right depicts a single emitter, with the capillary modified
to resemble a diverging nozzle. The diameter of the capillary is 60 um at its narrowest point and
widens to 200 um at the tip. The material is an IPx-Q polymer, a photosensitive resin developed
for use in two-photon lithography applications.

the way [32} 61]. The research that led to this work addressed the challenge by
modifying the geometry of the emitter. The utilisation of micro 3D printing tech-
nology, coupled with the freedom of design afforded by 3D capabilities, enables
the fabrication of capillary emitters with more sophisticated capillary designs and
increased flow resistance. Moreover, the 3D printed designs are more suitable to
account for and manipulate the influence of surface tension and capillary forces,
thereby offering a greater range of possibilities for adjusting the flow through the
emitter , . Images of examples are provided in Figure The images il-
lustrate the versatility of the additive manufacturing approach. It is feasible to
fabricate an emitter comprising "classical" straight capillaries, as illustrated in the
left-hand image of Figure 2.4, Moreover, modified capillaries can also be manufac-
tured. The image on the right-hand side of Figure depicts an emitter featuring
a diverging capillary, which widens from 60 pm to 200 pm in diameter. Such a
design is very difficult to create using non-additive manufacturing methods, espe-
cially if the structures are on the micrometre scale.

The selection of capillary emitters for this project was based on a number of con-
siderations. As previously stated, they display highly favourable behaviour upon
miniaturisation. The downscaling process is relatively straightforward, and their
design is well-suited to the chosen additive manufacturing method of 3D lithogra-
phy. While porous emitters can be manufactured additively, the available methods
have yet to demonstrate efficacy in micro-scale fabrication. Moreover, the findings
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of previous projects provided support for the decision to continue the research with
a capillary design. The new freedom of design for the shape of the capillary allows
for the exploration of a broad field of geometries. The combination of the selected
micro fabrication method and capillary design enables the fabrication of emitters
that are more than one magnitude smaller than those found in commercially avail-
able thrusters [7]. Moreover, the integration possibilities and rapid prototyping
afforded by 3D lithography permit a more flexible approach to thruster designs.
There are few manufacturing methods that allow such a high degree of freedom of
design and miniaturisation capabilities, making this approach a novel development
in the field. There has been limited research conducted on miniaturised additive
manufactured electrospray emitters, which makes this project appealing not only
for the development of a thruster system, but also for fundamental research into
electrospray process.

2.1.3 Electrospray thruster systems with flight heritage

A considerable number of electrospray thrusters are currently in development or
are already commercially available. Nevertheless, only a small number of these
have reached a qualified state and have been flight-tested. The most successful are
the thrusters from ENPULSION, which were previously referenced. Their indium-
based FEEP thrusters are capable of delivering thrusts ranging from 300 pN up
to 1 mN, with an input power of 40 W to 105 W [7]. The required power includes
the external neutraliser necessary for operation. Each thruster features a "crown"
of emitters, that are made of of porous tungsten and are fabricated by mould in-
ject sintering. The resulting emitters are about 1 to 2cm in hight and 1 to 2mm
in diameter, which places them outside the the currently possible miniaturisation
capabilities. This also is reflected in the low number of emitters per thruster, with
typically feature only 20 to 30 emitters. The thruster reaches a specific impulse of
1500 to 6000 s depending on its configuration and are designed to fit into a stan-
dard cube-sat module, with a size of one U. They are marketed towards multi-U
cube-sats and small spacecraft. With over 200 thrusters currently operational in
space, this is one of the most successful thruster series for small spacecraft.

Another exemplary thruster system is the "BET-MAX Electrospray Thruster Sys-
tem", developed by Busek. This thruster employs porous glass emitters in con-
junction with the ionic liquid EMI-Im, and is designed for use on small platforms
of 3U and above. The system can provide thrust between 1N and 150 pN, and
is designed for precision thrust and orbital control. With an input power of 24 W,
this system is intended for deployment on very small satellites with limited avail-
able power. [62]. The thruster operates with a specific impulse of 850s to 2300 s.
There is also none information available regarding the specific the emitter sizes
and designs. A comparative analysis of the available thruster systems reveals that
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the Busek BET-MAX is the most closely aligned with the project goals. Never-
theless, the Busek thruster necessitates the utilisation of an external neutraliser
and exhibits a considerable degree of rigidity in its operational scope, which leaves
still room for further improvements.

A newer and less establish thruster is IENAI’s ATHENA thruster. The thruster
was tested in flight in 2022 on a technology demonstration platform, but has yet
reached marked maturity. According to specifications listed by IENAI the thruster
has a thrust to power ration of 30 to 50 uN/W | a specific impulse of 1600 to 2000s
and a system efficiency of 30 to 40%. ATHENA is based on an externally wetted
silicon emitters with lateral dimensions in the range of 100 to 200 pm The thruster
features an externally aligned extractor electrode with some modularity. However,
more information on the system is not available [63].
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2.2 3D printing and two-photon-lithography

2.2.1 Additive manufacturing by 3D printing

The advancement of three-dimensional printing technology has been rapid since its
initial introduction in the early 1990s [64]. What began as a niche technology has
evolved into a fabrication methodology that offers a multitude of advantages for the
production of components. From the reduction in material costs, faster fabrication
times, to the possibility of manufacturing parts that are impossible to manufacture
via conventional methods, 3D printing has become a focus of industrial manufac-
turing. A plethora of 3D printing technologies are currently available. The range
of materials and application types is vast, encompassing laser-based metal sin-
tering processes, thermoplastic polymer extrusion, and light-based polymerisation
printing, among others [65-68]. Given the evident advantages of these technolo-
gies, it is unsurprising that 3D printing has become a major tool in the field of
space technology [69]. For instance, 3D-printed rockets are currently undergoing
further development, with some prototypes already in use |67, 70, |71]. The rapid
prototyping available with additive manufacturing and 3D printing has the effect of
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Figure 2.5: Typical process flow for an additive 3D printing process, from a 3D model to the
printing process. Initially, a 3D model is generated, either by utilising computer-aided design
(CAD) software or program code. An exemplar of a 3D model is illustrated on the left of the
schematic. Subsequently, the gemerated model is imported into a dedicated software program,
referred to as a "slicer." This software divides the 3D model into thin layers, or "slices." The
schematic in the centre illustrates an exemplar, with the slices delineated in red. Fach slice is
separated from the adjacent slices by a distance designated as the 'slicing distance."The slicing
distance is selected in accordance with the printing parameters and the employed printing system.
Subsequent to the division of the 3D model into slices, each individual slice is subdivided into
parallel or concentric lines. This procedure is referred to as "hatching," and the distance between
the lines is termed the "hatching distance.” An exemplar of the hatching process is illustrated
in the central drawing, wherein blue lines are employed. Subsequent to the slicing and hatching
of the 3D model, a file format readable by the printer is generated. This file contains all data
obtained from the slicing process and is translated by the printer into a set of instructions. With
this set of instructions, the printer initiates the printing of the desired 3D structure, as depicted
in the rightmost drawing.
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shortening development cycles and speeding up research and innovation. Another
area of development in 3D printing technology is microfabrication, especially for
medical and semiconductor applications [72]. Light-based lithography processes
represent a well-explored method of manufacturing 2D and 3D microstructures,
offering the potential for the fabrication of features in the micrometre to nanometre
range [8), 9, 66]. The specific method employed determines the achievable feature
size [23}, 24}, [73].

The majority of 3D printing technologies adhere to a highly analogous process
flow. A considerable number of methods are only capable of printing from a single
point. Examples of such methods include powder bed fusion, fused deposition
modelling (FDM) and laser lithography. Only a small number of technologies is
capable of printing two-dimensional structures in a single process. An exemplar of
this is stereo lithography (SLA) printing. Nevertheless, all of the aforementioned
methods are capable of directly fabricating three-dimensional structures. The typ-
ical process flow for 3D printing is illustrated in Figure [2.5 The initial step is
the generation of a 3D model, which can be achieved through the utilisation of
computer-aided design (CAD) software or program code. An exemplar of a three-
dimensional structure is illustrated on the left side of Figure Subsequently,
the generated model must be processed by a slicing software. A slicer software
program, or simply "slicer," divides the model into thin layers, or "slices". The
slices are separated by a predefined distance, referred to as the slicing distance.
The slicing distance is contingent upon the process parameters and the selected
printing method. To illustrate, a reduction in the slicing distance results in a closer
proximity of the layers. This results in an enhanced resolution of slopes and other
features. However, it also results in an increase in processing time, as the print-
ing process is required to perform progressively more iterations. Moreover, some
printers are constrained by a minimum slicing distance, which is determined by
physical limitations, such as the precision of a stepper motor. Figure illustrates
an example of slicing, with the slices delineated in red. In the case of non-layer
printing methods, such as FDM printing, a secondary post-process is required.
This process, known as hatching, involves the separation of each slice into lines,
a process analogous to the colouring of an image. In the majority of cases, the
lines are either parallel or concentric, and they occupy the entire slice. This is
illustrated in the centre of Figure by the blue lines. The distance between two
lines is referred to as the hatching distance. Furthermore, the hatching distance
and direction can be varied over the 3D model, thereby generating hollow in-fills
with the objective of reducing material and processing time. Furthermore, the
hatching distance is subject to variation in accordance with the process parame-
ters. To illustrate, in selective laser sintering, the hatching distance is dependent
on the laser spot size. In the event that the 3D-printed component is to be entirely
solid, it is necessary for the sintered lines to overlap. Accordingly, the hatching
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distance must be selected in accordance with the dimensions of the laser spot. The
final stage of the printing process is the actual printing procedure. Subsequently,
the preprocessed code of the 3D model is fed into a 3D printer, which then inter-
prets the sliced and hatched file and creates a set of instructions that it follows
in the actual printing process. Subsequently, the printer executes the instructions
and initiates the deposition of material through extrusion, laser sintering, or other
techniques specific to the printing technology. This process is illustrated in the
right portion of Figure 2.5 Typically, the printer commences at the base of the
model and adds material in successive layers until the entire structure is complete.

2.2.2 Two-photon laser lithography

Two-photon laser lithography, also referred to as 3D micro-lithography, represents
an additive microfabrication technique. The manufacturing process bears resem-
blance to the well-known stereo lithography technique. Both techniques employ
light to initiate a localised photochemical reaction in a photosensitive polymer
base, commonly referred to as a photo resin [74-76]. The aforementioned pho-
tochemical reactions typically result in the polymerisation of the base material,
thereby hardening it. The photo-chemical reaction may also break the polymer
chains and render the exposed areas more susceptible to solvation, depending on
the type of photo resist. The first type of photo resin is typically employed in
3D printing processes and additive manufacturing, whereas the second type is
commonly utilised in the fabrication of semiconductor components |77, [78]. This
chapter will focus on the additive manufacturing of micro components and will
therefore concentrate on the first type of photo resin.

The operational principle of a two-photon laser lithography device is illustrated
in Figure A near-infrared (IR) femtosecond laser with a wavelength of ap-
proximately 1080 nm provides a constant flux of photons. The laser beam is then
focused through a microscope lens into a layer of photosensitive material, which is
commonly referred to as a photo resin or photo resist. A single IR photon possesses
insufficient energy to excite any of the molecules within the photo resist [79]. Only
in the vicinity of the focal point of the microscope optics is the light intensity suffi-
ciently high to permit the interaction of photons with the photosensitive material.
The primary driving factor is the occurrence of two-photon absorption processes,
which are most prevalent in areas of extreme intensity [76, [80, |81]. Two-photon
absorption (TPA) is defined as the process of absorbing two photons of identi-
cal or different wavelengths, resulting in an excited state across a virtual energy
level [82) [83]. In the absence of the combined action of the two photons, the ex-
citation of the contributing photons would be prohibited by quantum mechanical
principles. However, the simultaneous absorption of both photons enables exited
electrons to reach an excited state higher in energy then the energy of the single
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Figure 2.6: Schematic illustrating the operational principle of a two-photon laser lithography
device. The illustration on the left demonstrates the method of achieving a localised exposure of
a small volume of photo resist. A near-infrared laser is focused by a microscope lens. In the
vicinity of the focal point of the optical system, a volume of considerable intensity is generated.
In this volume, which is also referred to as a vozel, two-photon absorption processes occur with
a high probability. The initiation of a photochemical reaction is only possible if two photons are
absorbed by the photo resist. A three-dimensional structure can be created by moving the focused
laser beam in all three dimensions within the photo resist. This can be achieved either by moving
the substrate and the resist, or by changing the beam path via a mirror. The right-hand drawing
provides a simplified overview of the printing process. Initially, the laser is focused in close
prozimity of the substrate (1), and subsequently, it is moved in the xy-plane, thereby exposing a
thin layer (slice) of the 8D structure. Once the entire slice has been exposed and attached to the
substrate, the latter is then moved downwards (2). This results in the voxzel being elevated and
separated from the preceding layer (8). Subsequently, a new slice is printed and attached to the
previously printed one (4). These steps are repeated until the desired three-dimensional structure
has been fully printed into the photo resist.

photon. Two-photon absorption is contingent upon the simultaneous absorption
of two photons, and thus is proportional to the square of the light intensity. This
indicates that TPA exhibits nonlinear behaviour. In contrast, single-photon ab-
sorption is a linear process and directly proportional to the light intensity .
The nonlinear behaviour of TPA in combination with the focused IR laser results
in a highly localised exposure event around the focus of the microscope optics
81]. This is shown in Figure (left-hand), which shows a magnified view of the
focal area of the laser. If one were to calculate the square of the light intensity
in 3D around the focal area, the resulting shape would be an ellipsoid. Within
this ellipsoidal structure, chemical processes may be initiated by TPA, resulting
in the formation of a polymerised material that hardens the surrounding area.
The ellipsoid is also referred to as a volumetric pixel or, in short, a voxel. The
manipulation of the voxel allows for the exposure of 2D structures in a manner
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Figure 2.7: Images, captured using a scanning electron microscope, illustrating ezamples of three-
dimensional micro-printed structures created by the utilisation of a two-photon laser lithography
device. The image on the left depicts a dinosaur. This figurine serves to exemplify the potential
for manufacturing objects with exceedingly high resolution and minute features. The image in
the centre illustrates a micro needle. The sharp tip has a diameter of approximately 1.2 um and
the surface of the needle is characterised by a high degree of smoothness. A number of such
needles were printed, and all were found to be identical. This illustrates the dependability of the
process and the quality of the printed surface. The image on the right illustrates a mechanical
micro connector. The presented connectors facilitate the mechanical connection of multiple 3D
micro-printed components by the application of friction and spring forces. The presented example
illustrates the mechanical functionality and strength of the polymer material.

analogous to the act of drawing a picture. The movement of the voxel can be
achieved in two ways: either by moving the substrate via a mechanical stage or by
changing the laser path via mirrors , , . The size of the voxel is dependent
on the microscope optics . The larger the magnification, the tighter the focus
of the laser beam, which in turn reduces the lateral dimensions of the exposed
area. Consequently, higher magnifications facilitate the printing of more precise
features . Conversely, the reduction in voxel size results in a narrower hatching
and slicing distance, increasing the processing time significantly.

By moving the voxel along a pattern generated by the process illustrated in Fig-
ure a three-dimensional structure may be printed in photo resin . This
process is also illustrated on the right-hand of Figure 2.6, The printing process
of a two-photon laser lithography device closely resembles that of a standard 3D
printing process. Initially, a layer connected to the substrate is printed (1 in Fig-
ure . This layer provides structural support and prevents unwanted movement.
Thereafter, additional layers are printed and attached to the subsequent layers (2-4
in Figure . Examples of micro-printed structures created using a two-photon
lithography device are shown in Figure Three scanning electron microscope
images of micro-printed models are presented. These include functional compo-
nents such as micro connectors, which facilitate the assembly of multiple parts into
larger macro structures.
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The two-photon laser lithography process can be configured in a number of ways,
depending on the device and photo resin used. If the photo resin is in a solid state,
the process is designated as "air gap printing" [84]. In this configuration, the lens
is positioned above the solid resin, with the laser exiting the lens and re-entering
the photo resin. This results in the occurrence of an additional diffraction process
along the trajectory of the laser beam, which widens or deflects it [84]. Conse-
quently, the maximum attainable resolution is diminished as the voxel widens.
The advantage of a solid resin is that it provides structural support for the printed
structures, thereby enabling free-float printing without the need for additional sup-
ports [78]. However, due to the solid nature of the material, the maximum height
of the structures is limited by the layer thickness of the resin. In the event that
a liquid resin is utilised during the printing process, the lens may be introduced
into the resin droplet. This process is referred to as "dip-in lithography" [84]. By
immersing the lens in the resin, the effect of diffraction is significantly reduced.
Moreover, the liquid resins are designed to have a diffraction coefficient that is sim-
ilar to that of glass, which further reduces diffraction at the interface between the
lens and the resin [84]. In comparison to solid resins, liquid resins exhibit greater
freedom in terms of structure height. As the droplet adheres to substrate and lens
by capillary forces, the height is constrained only by the mechanical limitations of
the device and the resin availability [84]. However, liquid resins offer less support
than solid resins, necessitating the incorporation of additional structures to sup-
port free-floating models [84].

2.2.3 Applied resins and realised structures

The application of the print process to real emitter designs was conducted through-
out the duration of this project. The emitter structures were fabricated using SU-8
resin and IP-Q as well as IPx-Q. The successful replication of structures with fea-
ture sizes in the single micron range was demonstrated using SU-8 resin, as illus-
trated in Figure [2.4]. SU-8 provides high-resolution printing for features ranging
from single microns to more than 200 microns in lateral size [78]. Furthermore,
the mechanical, vacuum and chemical stability of SU-8 are additional factors that
contributed to its selection for utilisation in this project. The resolution of the
printing process is not the limiting factor for SU-8-based structures; rather, it is
the maximum achievable layer thickness of the resist that limits the vertical struc-
ture size. In addition, IP-Q and its derivative IPx-Q were employed throughout
the course of this project. Both IP-Q and IPx-Q were developed for the printing of
structures ranging from the meso to the macro scale, with feature sizes from 1 pm
to 1000 pm. The resin was optimised for printing with a 10x magnification, which
results in a minimal feature size of approximately 1pm in lateral dimensions and
5pm to 10 pm in vertical minimal feature size. By employing a high magnification,
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such as 63x, it is possible to realise features in the sub-micrometre range. This
is demonstrated in Figure 2.7, which illustrates examples of structures fabricated
using the 63x and 10x objectives. In contrast to SU-8, IP resins lack a maximum
layer height, thereby enabling the fabrication of structures up to 10 mm in height.
Furthermore, the IP resins feature similar mechanical, vacuum and chemical sta-
bility compared to SU-8. A thin plate of 200 pm in thickness is more than stable
enough to support a practical implementation of an electrospray emitter. The me-
chanical properties also allow for micro assemblies like those shown in Figure
Their physical properties and realisable feature sizes make the IP resins an ideal
choice for this application.
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2.3 Ionic liquids

Ionic liquids represent an intriguing class of materials. Their vast range of compo-
sitions and potential applications render them highly adaptable. However, before
delving into the specifics of their prospective and actual applications, as well as the
synthesis of ionic liquids, it is imperative to first define ionic liquids. One possible
definition of ionic liquids is:

‘lonic liquids are liquids comprised entirely of ions’ [85].

Although the fundamental parts of the definition of "liquid" and "ions" are widely
accepted, there is considerable variation in the specific concepts that are included
in these definitions. Some definitions include a temperature range, allow solvents
to be mixed into the liquid, or define ionic liquids as molten salts [85-87]. The
inclusion or exclusion of certain liquids in a given definition is dependent on the
specific definition employed. In order to adopt a comprehensive approach to the
subject matter, this study will adopt the definition of MacFarlane, as it offers a
highly flexible perspective while maintaining the essential core concepts of liquid
and ions. In accordance with the aforementioned definition, ionic liquids may be
classified as molten salts, mixtures of diverse cations and anions, organic and in-
organic compounds, or any other substance that is constituted solely of pure ions.
Figure [2.8] illustrates an exemplar combination of anions and cations for an ionic
liquid. The ionic liquid under discussion is 1-ethyl-3-methylimidazolium tetraflu-
oroborate, or EMI-BF4, for short. This liquid is commonly used for electrospray
thrusters and has been demonstrated to be stable in space-like and space condi-
tions [5), 88, [89).
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Figure 2.8: Natta projection of the ionic liquid 1-ethyl-3-methylimidazolium tetrafluoroborate,
also referred to as EMI-BFy. The molecule on the left represents the EMI cation. The organic
ring structure, in which nitrogen atoms are substituted for carbon atoms, gives the resulting
molecule a positive charge. The molecule on the right is the BFy anion. The negative charge is
distributed over the four bonds, resulting in the formation of a negatively charged complez.
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The vast number of possible ionic liquid combinations and mixtures yields a sig-
nificant flexibility in their synthesis and characterisation. Only a modest pro-
portion of the total number of calculated or simulated combinations has been
synthesised to date, and an even smaller proportion has undergone comprehensive
characterisation [85, 186]. A number of open access databases have been estab-
lished with the aim of collating all available information about ionic liquids. One
such database is the Ionic Liquids Database - ILThermo (v2.0). As of June 2024,
the database contained only 3,041 ionic liquids, representing a mere fraction of
the potential combinations [90]. To illustrate the malleability of ionic liquids, Fig-
ure[2.9|depicts the Natta projection of the ionic liquid 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide, or EMI-Im for short. This ionic liquid shares the
same EMI cation as the EMI-BF ionic liquid depicted in Figure 2.8, but instead of
the BF, anion, the Im (bis(trifluoromethylsulfonyl)imide) anion is employed. The
replacement of the anions is associated with alterations in the physical and chem-
ical characteristics of the liquid. For instance, EMI-BF, exhibits a yellowish hue,
whereas EMI-Im is predominantly transparent. Additionally, EMI-Im displays a
reduced viscosity and surface tension in comparison to EMI-BF,. These observa-
tions illustrate the impact of anion exchange on the properties of ionic liquids.

Tonic liquids possess a distinctive liquid state and are constituted by pure ions,
exhibiting intriguing physical and chemical properties. One such property is their
markedly low vapour pressure, which is essentially negligible. This renders ionic
liquids highly stable in vacuum and space conditions. Another notable attribute is
their adjustable viscosity, which varies in accordance with the ions employed. The
viscosity of a solution can be modified by exchanging one ion for a different type of
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Figure  2.9: Natta  projection of the donic liquid  1-ethyl-8-methylimidazolium

bis(trifluoromethylsulfonyl)imide, also known as EMI-Im. The left-hand molecule is iden-
tical to the EMI molecule present in the ionic liquid EMI-BFy, as illustrated in Figure[2.8 In
the case of EMI-Im, however, the anion bis(trifluoromethylsulfonyl)imide ([N(SO2CF3)2]7) is
used. In comparison to the BF4 anion, the Im anion is considerably heavier while maintaining
the same charge.
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2. Theoretical foundations

Figure 2.10: Natta projection of the ionic liquid hydrozylammonium nitrate ((NHzOH]T[NOz] ™),
better known as HAN. This ionic liquid has the potential to be utilised in chemical propulsion
systems and electrospray thrusters [93]. When employed as a chemical propellant, HAN exhibits
comparable or even enhanced performance relative to hydrazine, while retaining its suitability as
an electrospray propellant. This paves the way for dual-propulsion solutions, which leverage the
benefits of both propulsion systems with a single propellant.

ion. This is a highly beneficial property, which is particularly advantageous in spe-
cific applications. Nevertheless, the synthesis of ionic liquids with extremely low
viscosity remains a significant challenge, and is an area of ongoing research [85].
The potential of low viscosity ionic liquids for use in electrochemical devices such as
batteries is an area of significant interest, given that a reduction in viscosity could
lead to enhanced device performance. Furthermore, the viscosity of ionic liquids
is subject to alteration upon the application of elevated temperatures, exhibiting
a pronounced dependence on temperature |85, 91]. Furthermore, ionic liquids ex-
hibit excellent electrochemical properties, including high ionic conductivity and
robust electrochemical stability. This renders them optimal for utilisation as an
electrolyte in batteries, capacitors, fuel cells and solar cells [85, 92]. Additionally,
ionic liquids can be used in vacuum conditions due to their low vapour pressure,
which makes them ideal for use in space flight. Their inherent conductivity allows
them to serve as electrical bridges in ion thrusters without the need for prior ion-
isation, unlike neutral gases like xenon. This makes them an attractive option for
this application, as the propellant typically needs to be ionised beforehand and
has to exert a certain conductivity [5].

One of the most significant advantages of ionic liquids is their versatility. Ionic
liquids are suitable for use in a multitude of applications in terrestrial and space
environments |85, |86]. A few potential applications were previously outlined, in-
cluding use as a battery component or fuel source for electrospray thrusters. How-
ever, this represents only a subset of the possible applications. In addition to
the aforementioned applications, ionic liquids can also be employed as fuel for
chemical propulsion systems, utilized in the bio-processing of human waste, in-
corporated into life support systems, utilized as vacuum-stable lubricants, and
applied in material processing, among other potential applications [85, [86, (91H95].
In the context of this study, particular attention should be paid to a specific type
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Figure 2.11: Synthesis of 1-ethyl-3-methylimidazolium bromide from 1-methylimidazole and 1-
ethyl bromide. This reaction is an example for a quarternisation and results in the widely used
1-ethyl-3-methylimidazolium cation and in this case a bromide counter-ion.

of ionic liquid. Hypergolic ionic liquids constitute a distinctive subset of ionic lig-
uids characterised by a high chemical energy density. The stored energy enables
combustion with an oxidiser (bipropellant) or by catalytic decomposition (mono-
propellant). It can therefore be stated that these ionic liquids can be used as a
chemical rocket fuel. A number of studies have demonstrated the considerable
potential of hypergolic ionic liquids, which have been shown to exhibit comparable
performance or even superior characteristics to established chemical propellants
such as hydrazine [85], [86], [91], (93, [95, 96]. Figure illustrates an example of a
hypergolic ionic liquid, namely hydroxylammonium nitrate (HAN), which has a
comparable composition to that of hydrazine. It can be employed as a monopro-
pellant or bipropellant. Since HAN retains its properties as an ionic liquid due to
the presence of positively and negatively charged complexes, it can still be used for
electrospray propulsion [93, (97]. This enables the development of dual-propulsion
systems that benefit from the advantages of both high-thrust chemical propulsion
and high-efficiency electric propulsion. Furthermore, in comparison to hydrazine,
ionic liquids are significantly more environmentally friendly and less hazardous to
humans. This makes the handling of the propellant significantly more straightfor-
ward and allows for more thorough laboratory testing.

2.3.1 Synthesis of ionic liquids

The preceding sections have addressed the fundamental characteristics of ionic
liquids and their potential applications. Nevertheless, the question of how such
ionic liquids are synthesised remains unanswered. Ionic liquids can be synthesised
from organic bases by quarternisation [91]. This process entails a reaction from
a 3- to a 4-coordinate phosphorus or nitrogen. An illustrative example of such a
reaction is the alkylation of 1-methylimidazole with 1-ethyl bromide, which results
in the formation of a 1-ethyl-3-methylimidazolium cation and a bromide counter-
ion. Figure illustrates the synthesis reaction for 1-ethyl-3-methylimidazolium
bromide. The reaction is conducted in the presence of a solvent, which enhances
the yield. Acetonitrile is a solvent frequently employed for this reaction [91]. The
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cation 1-ethyl-3-methylimidazolium is identical to that present in Figure and
Figure and is a prevalent component in numerous ILs. Following the initial
chemical reaction, a series of cleansing procedures are undertaken with the ob-
jective of removing any residual impurities. Additionally, the solvent is removed
during this process. Moreover, the counter-ion, which is a byproduct of the quat-
ernization process, is not always the desired product. To illustrate, the ionic liquid
EMI-Im employs the same cation but a distinct anion. Consequently, an anion ex-
change may be conducted to produce the desired ionic liquid [86] 91]. The precise
mechanism and potential reactions involved in the exchange of the anion can be
highly intricate and are beyond the scope of this study. Further insights on this
subject can be found in the referenced literature [86, 91].

2.3.2 Ionmic liquids for electrospray thrusters

As previously outlined, a plethora of potential ionic liquids exist for utilisation
in electrospray propulsion systems. The most commonly employed ionic liquids
are EMI-BF, and EMI-Im [5, |46, |62, [88]. Both ionic liquids are distinguished
by their high vacuum stability, high conductivity, and relatively low viscosity.
Additionally, both utilise the same and highly prevalent EMI cation, which ensures
the liquids are readily available in large quantities. Their physical properties, when
considered alongside their high performance in electrospray applications, render
them optimal candidates for use as thruster propellants. Based on the extensive
experience of other research groups with these liquids, EMI-BF, and EMI-Im were
also selected for this project. While both were employed during this project, EMI-
Im has demonstrated a more benign application profile for this project. The surface
tension of EMI-Im is slightly lower than that of EMI-BF,, which renders it less
susceptible to the formation of bubbles and foam. Recently, research has been
conducted into alternative liquids that may be able to substitute for EMI-BF4 and
EMI-Im in the future. A suitable candidate is EMI-FeCl, a metal halide. EMI-
FeCl, shows higher emission current than EMI-BF, and has higher ion masses,
which results in better thruster performance. In this regard, it is possible that a
more suitable ionic liquid may be identified in the future [98].
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Chapter 3

Results (Publications)

A total of seven publications was produced over the course of this project. These
publications comprise two journal articles and five conference papers. Of the lat-
ter, four were deemed to be of particular interest and are included in this chapter.
The final conference paper was moved to the Appendix due to its overlap with the
first journal article.

All publications included in this chapter and added to the Appendix are:

o Publication I: AIP Advances 2021

o Publication II: Space Propulsion Conference 2022

o Publication III: International Electric Propulsion Conference 2022
o Publication IV: Journal of Electric Propulsion 2024

o Publication V: Space Propulsion Conference 2024

o Publication VI: International Electric Propulsion Conference 2024

o Additional Publication Al: Rus. Ger. Conf. on Electric Prop. 2021

A more detailed overview of the publications and their respective contents can be
found in the table on the following page. Additionally, the table includes a set of
keywords for each publication. Each keyword is associated with a specific topic
addressed in the publication, which correspond to the topics outlined in Chapter [2]
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3. Results (Publications)

List of Publications

#  Type Emitter geometries  Scale Resin  Propellant Electrode
straight capillaries, 10 1
I Journal single emitters, - SU-8 EMI-BF, external
capillaries
small arrays
Il Conf ~ Straisht capillaries, 10mm gy o gy pp external
small arrays capillaries
T Conf ~ Straisht capillaries, 10mm gr o gy pE oxternal
large arrays capillaries
gt capilries, 101 0
IV Journal “. &t cap " 100pm  IP-Q EMILBF, integrated
single emitters, 1
capillaries
small arrays
. o 5 pum
spiral capillaries, needles
V  Conf. ext. wet. emitters, 501 IP-Q  EMI-Im integrated
single emitters ot
capillaries
spiral and tapered 60 pm to
capillaries, 300 pm IP-Q, i .
VI Conf. ext. wet. emitters, tapered IPx-Q EMI-Im integrated
single emitters capillaries
straight capillaries, 8pm to
Al Conf. single emitters, 20 pm SU-8 n.a. n.a
small arrays capillaries
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Characterisation

Emission

Additional keywords

SEM /optical imaging,
emission current

SEM imaging,
emission current

SEM imaging,
time of flight

SEM /optical imaging,
video observation,
emission current

video observation,
emission current

optical imaging,
video observation,
emission current

SEM /optical imaging,

single events

unstable,
short period

unstable,
short period

unstable,
semi stable,
short period

semi stable,
short period

semi stable,
long period,
periodic/alternating

cross section view,
focused ion beam

radiation hardness

Bradbury-Nielson ion gate,
ion trajectory simulations

self aligning micro assembly,
in-situ optical imaging

improved micro assembly
external emitter emission

in-situ optical imaging
Taylor-Cone
emission video

cross section view,
focused ion beam /milling
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3.1. Publication I: AIP Advances

3.1 Publication I: AIP Advances

This publication marks the inaugural publication in a series of works focused on
the fabrication of miniaturised electrospray emitters. This represents the initial
transition from the previously employed 2.5D planar stacking fabrication method-
ology to the utilisation of true 3D printing techniques. The successful application
of 3D printing to these microstructures has enabled the fabrication of electrospray
emitters with capillary diameters of less than 10pm and heights of more than
200pm. The fabrication of emitters at this scale with an aspect ratio of more
than 20 represents a significant advancement. Moreover, the suitability of the
SU-8 polymer for this particular application and its compatibility with the micro
printing process were demonstrated. Furthermore, this publication validated the
manufacturing process for array fabrication. Demonstrating the reproducibility
of the printing process represented a significant achievement for this fabrication
method. Arrays comprising upwards of 25 individual emitters were successfully
manufactured, with minimal instances of fabrication-related errors. In addition to
the aforementioned fabrication milestone, a considerable effort was made to en-
hance the experimental characterisation setup. The utilisation of a high-precision
syringe pump enhanced the characterisation capabilities and facilitated more rig-
orous experimentation with the manufactured emitters.

F. Kunze wrote the first draft of the manuscript. The manuscript underwent
revision by all of the contributing authors. The experiments and data acquisition
were conducted by F. Kunze. Furthermore, P. Klar and T. Henning provided
supervisory and project management oversight.
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ABSTRACT

Electrospray emitters are an obvious choice for miniaturized thrusters for a variety of applications on small satellites (e. g., CubeSats), as well
as for other micropropulsion purposes. They are inherently small and require a relatively low electric power for operation, and therefore,
they fulfill the requirements imposed due to the small volume of CubeSats. Electrospray emitters of the internally wetted capillary type were
fabricated by 3D microlithography in the SU-8 photopolymer down to capillary diameters of about 10 ym. Thus, the emitters are an order
of magnitude smaller in lateral dimensions than those fabricated by advanced 3D printing methods and still half an order of magnitude
smaller than those made by planar photolithography in SU-8. Fabrication methods and process parameters are presented. Furthermore, the
preliminary results of the electric characterization of the emission behavior are shown. The experiments show promising results regarding the

fabrication quality and extraction behavior.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0066619

I. INTRODUCTION AND MOTIVATION

In recent years, small satellites have become more and more
important for both commercial and scientific purposes.' * Along-
side the demand for small satellites, the need for specialized micro-
propulsion systems arises. Specifically, electric propulsion systems
have become more important due to their high efficiency and high
specific impulse, resulting in good fuel and power economy, for
purposes such as attitude and orbit control (AOC)."*

There are two ways to develop miniaturized electric thruster
systems for small satellites. The first is to scale down established
thrusters, such as plasma-based propulsion systems, while the sec-
ond is to develop systems from inherently small components. Elec-
trospray emitters fall under the second approach to miniaturization,
as they are inherently small and well suited for small satellites due to
their low power requirements.”

These emitters utilize a static electric field applied between a lig-
uid ion source (LIS) and an extraction electrode to extract droplets
or, ideally, single ions from the LIS. The liquid propellant is sup-
plied to an extraction site on the emitter surface, typically an orifice,

where the liquid is exposed to the electric field. Under the influence
of the (external) electric forces and the internal forces (cohesion) of
the liquid, its meniscus is deformed, resulting in a cone-like shape,
the so-called “Taylor cone.”"” At the tip of the cone, the electric
forces are stronger than the internal hydraulic forces, thus allowing
droplets or single ions to overcome the surface tension and form an
ion spray, the so-called electrospray. The extracted ions can be fur-
ther accelerated with suitable ion optics to generate thrust for small
spacecraft.'! "’

There are three basic emitter configuration types, namely,
externally wetted emitters, porous emitters, and internally wetted
capillary emitters that this paper focuses on. The three of them differ
in the way the propellant is supplied to the extraction sites, while all
three from there on follow the same operating principle described
above."

The hydraulic resistance of the propellant feed system has been
identified as a key parameter for stable operation of the emitters.'”
A sufficiently high hydraulic resistance can only be achieved by the
fabrication of structures with a high aspect ratio (length-to-diameter
ratio), which is a difficult task in any field of microfabrication.

AIP Advances 11, 105315 (2021); doi: 10.1063/5.0066619
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Porous emitters have an advantage in this respect because the flu-
idic path through the pores provides a high hydraulic resistance
at the expense of introducing an element of randomness into the
design and of imposing a lower size limit on the miniaturization of
the individual emitter.

Porous emitters with liquid metal as a propellant (field emis-
sion electric propulsion or FEEP thrusters) are already in use on
spacecraft and have flight heritage;'*'” however, with the recent
advances in microfabrication technologies, both in 3D printing and
in silicon technologies, internally wetted capillary emitters appear to
have become viable for thruster applications again. 3D printing tech-
niques, such as vat printing [stereo-lithography apparatus/digital
light processing (SLA/DLP) printing], and, for smaller critical lat-
eral dimensions, two-photon laser lithography are new fabrication
technologies that offer a high degree of freedom of design for elec-
trospray emitters'®'” and thus the possibility of re-addressing the
subject of hydraulic resistance in miniaturized emitters. Moreover,
the capability of 3D microlithography to create capillaries with dia-
meters as small as single digit micrometer figures implies that emit-
ters thus created are at least an order of magnitude smaller in lat-
eral dimensions than internally wetted capillary type microemitters
made by other advanced 3D printing methods reported in the litera-
ture and still about half an order of magnitude smaller than the emit-
ters fabricated in SU-8 by planar lithography previously reported by
the authors.' !

The research aim of the authors is to create single inter-
nally wetted capillary microemitters with a footprint of less than
0.1 x 0.1 mm? and a well-defined (that is, involving no elements of
randomness) geometry at the sub-micrometer level, with capillary
diameters of 10 ym and below, that is, at a scale which roughly equals
the typical pore size of porous emitters.

From such individual microemitters, arrays of suitable sizes
should be possible to build in order to achieve the required thrust
range for a given application (“scaling-up by numbering-up”). The
propellant of choice is an ionic liquid, namely, EMIM-BF4, for the
time being. EMIM-BF4 is an ionic liquid often used for space appli-
cations. Technically, an ionic liquid is a salt with a very low melt-
ing point. Thus, it retains a liquid state at room temperature and
below. Ionic liquids feature multiple advantages for space applica-
tions, such as negligible vapor pressure in vacuum environments, a
high conductivity, and pre-ionization. EMIM-BF4 is composed of
two molecules of similar molecular weight and opposite charges.
EMIM (1-ethyl-3-methylimidazolium) is an organic molecule fea-
turing a ring structure and a positive charge. BF4 (tetrafluorobo-
rate) is an inorganic ion with a negative charge. Should the need
arise, there are many different kinds of ionic liquids available, which
would allow one to choose a suitable substitute for EMIM-BF4.'**”

Il. MATERIALS AND METHODS
A. Fabrication methods and parameters

The fabrication method of choice for the essential parts of the
microemitters is 3D microlithography in the form of two-photon
lithography, realized in the commercial fabrication tool Photonic
Professional GT (PPGT) from Nanoscribe (nanoscribe.com). The
operating principle of the Nanoscribe PPGT is illustrated in Fig. 1.
Light from a near-infrared fiber laser is focused through micro-
scope optics. The single near-infrared photon does not carry enough

scitation.org/journal/adv
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FIG. 1. Operating principle of two-photon lithography.

energy to trigger the photochemical reaction in the resist. However,
in a small volume element (voxel) around the focus, the intensity
is so high that two-photon processes occur. Two photons com-
bined possess enough energy to start the photochemical reaction.
The voxel typically has an extension of ~2 ym in the vertical direc-
tion and of less than the laser wavelength in lateral dimensions. By
scanning this voxel through the resist, almost arbitrary shapes can be
written. There are two scanning modes, namely, galvo scan, in which
the laser beam is moved by galvo mirrors in the beam path, and piezo
scan, in which the piezo stage carrying the sample is moved. Scan-
ning in the vertical direction is always done in the piezo mode. Galvo
scan offers an advantage in higher writing speed of about two orders
of magnitude compared to piezo scan.

While there are resists optimized for use with the Nanoscribe
PPGT, the authors opted to continue the use of SU-8 as a negative
tone photostructurable epoxy polymer. Despite its most challenging
properties for successful microfabrication, that is, the internal stress
to which swelling during development is an important contribution,
SU-8’s superior resistance against harsh environments makes it a
proven material for microfluidic applications.”” One of the major
beneficial properties of SU-8 is its chemical inertness. It is resis-
tant to prolonged exposure to ionic liquids. Furthermore, currently,
experiments under space-like conditions are conducted to verify if
SU-8 is a suitable material for this application. SU-8 has a long her-
itage in high aspect ratio microlithography, and there is consider-
able knowledge regarding the optimization of the microlithography
processes.”!

3D lithography offers the possibility of creating undercut struc-
tures, which will become more important once the integration of
the extraction electrodes or even more complex ion optics are con-
sidered.”” At the present stage, the main objective of fabrication is
to create well-defined single emitters with capillaries with a dia-
meter as small as possible, integrated with a base plate with an edge
length of a few millimeters that allows the handling of the emit-
ter structure in the characterization setup. Mechanical stability and
minimum warping of the base plate is a design target that needs to be
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FIG. 2. 3D rendering of a CAD file defining an emitter array featuring seven
individual volcano emitters and (a part of the) base plate.

traded-off against the requirement to keep writing times within
reasonable bounds.

The basic shape of an individual emitter is that of a volcano.”
One of the most important functions of the volcano shape is the
mitigation of wetting of the area around the orifice by the ionic
liquid.””" Another benefit is the extension of the capillary’s length
and hence the hydraulic resistance without unduly extending the
writing time. In addition, the volcano shape allows a good control
of the electric field around the orifice and a strong enhancement of
the electric field at that point. Figure 2 shows the CAD rendering of
a small array of seven volcano microemitters on a base plate.

The volcano shape is not unique to emitters manufactured by
two-photon lithography. Devices with lateral dimensions on the
order of hundreds of micrometers made by 3D printing methods
have been reported.'*!”

The Nanoscribe PPGT works by writing lines. Areas are writ-
ten by placing lines closed to each other (hatching). The optimum
distance between lines (hatching distance) has to be determined by
trading off the quality of writing against the writing time. Whether
two neighboring hatching lines are written in the same direction or
in opposite directions has been found to play no significant role in
the projects presented here.

In the vertical (z) direction, subsequent layers are written at a
fixed distance (slicing). As in hatching, the optimum slicing distance
has to be determined as a compromise between the writing qual-
ity and time required. Since the structures to be written are larger
than the areas that the galvo scan can cover in a single run, they
have to be stitched together from the so-called chunks whose shape
and arrangement are also subject to optimization. Careful chunking
is critical for keeping the base plate warp as low as possible. Large
volumes do not have to be written in their entirety. It is usually suffi-
cient to write the outer surfaces and a number of support structures
inside the volume. This technique is called “shell and scaffolding.”

There are several routes to the set of line coordinates that are
finally processed by the Nanoscribe PPGT:

e Sets of line coordinates can be produced by an external
program and transferred as ASCII files.

scitation.org/journal/adv

e Lines can be algorithmically defined in the Nanoscribe-
specific programming language (GWL files) that is inter-
preted by the NanoWrite software delivered with the
instrument.

e The NanoWrite software can import standard 3D
lithography CAD files, notably in the widespread STL
format.

The latter approach is the most convenient one at the start of
a project, and there are a number of options to control the behavior
of the system in hatching, slicing, and chunking, but the control is
nevertheless limited. Writing the GWL code allows for easy system-
atic variations of parameters and gives detailed control of the writing
parameters for the most critical structures. Using an external pro-
gramming language usually implies the generation of very large files
that are inconvenient when rendering a visualization. In practice,
a mix-and-match approach between CAD and import of STL files
on the one hand and dedicated GWL code for the critical structures
on the other hand has proven to be both convenient and economi-
cal. The typical process, design parameters for the volcano emitters,
and writing parameters for the Nanoscribe PPGT system are listed
in Table I.

The SU-8 resist (SU-8 50 from microchemicals.com) is spin-
coated on a silicon wafer and pre-exposure-baked according to
the manufacturer’s specifications. To ensure good adhesion of the
SU-8 to the wafer, an oxygen plasma cleaning of the wafer immedi-
ately before the coating is recommendable. When plasma cleaning
is not available, a hydrofluoric acid dip of the wafer can be used
instead.

When emitters are created by planar lithography, the silicon
wafer acts as a sacrificial substrate, that is, it is removed at the end

TABLE . Design p and process for the fabrication of volcano
emitters with the Nanoscribe PPGT 3D microlithography system.

Parameter Value

Si wafer orientation 1-0-0
SU-8 resist thickness ~130 ym
Surface offset 15 ym
Slicing distance 0.3 um
Hatching distance 0.3 ym
Scanning speed, areas 100000 pm s
Scanning speed, details 50000 ym s~ *
Relative laser power 35%

Base plate shape Hexagonal
Base plate lateral size 5 x 5 mm®
Base plate height 35 ym
Emitter height (height over base plate) 50 ym
Emitter diameter at base plate (20...40) ym
Emitter diameter at top (15...20) ym
Capillary diameter (8...20) yum
Chunk shape Honeycomb/hexagonal
Chunk side length 180 um
Exposure time ~12 h per complete unit
Post-exposure bake 65/95 °C 1/10 min
Development time ~15 min
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of the processing chain by wet chemical etching in warm potassium
hydroxide solution. In this case, it is important that the wafer’s sur-
face orientation is 1-0-0, since a surface with that orientation can be
attacked by the etchant.

In 3D microlithography with the resists optimized for this
purpose, it is important to have a good contact between the writ-
ten structure and the substrate. The writing process is therefore
started at a certain distance below the substrate’s surface as detected
by the Nanoscribe system. This (negative) distance is known as
the interface position. SU-8, however, turns out to be so viscous
when processed as described above that the writing can actually
be carried out entirely within the resist film at a fixed (surface)
offset from the interface position. This implies that in the devel-
opment step, the written structures are automatically detached
from the substrate and that the wafer does no longer have to
be dissolved. The wafer’s surface orientation is then no longer
important.

The post-exposure bake consists of two steps, first a hot plate
bake for 60 s at 65 °C, then another bake for 10 min at 95 °C on a sec-
ond hot plate. The samples are then developed in mr-Dev 600 (from
www.microresist.de). Several developer baths may be used in series
to minimize the risk of residues. Optionally, the development can
be sped up by placing the beaker with the developer in a water bath
with low power ultrasonic excitation. With the assistance of ultra-
sound, typical development times are on the order of 15 min. If “shell
and scaffold” writing has been used, a flood exposure step has to
be inserted in order to start the crosslinking of any resist remaining
inside the shells. Flood exposure was carried out in a SUSS MA-56
mask aligner with a mercury high pressure vapor lamp (fly’s eye not
removed) and an exposure time of 10 s.

ARTICLE scitation.org/journal/adv

B. Characterization of the emission behavior

The experimental setup for the electrical characterization (both
time-resolved and DC) is shown in Fig. 3. The emitter structures are
glued to a PEEK holder with a two-component epoxy glue. At this
stage, the quality of the glue connection and the continuity of the
capillary are checked by filling the holder with deionized water and
confirming under a microscope that a droplet occurs at the volcano
tip only. Once the emitter has passed the quality check, the holder is
mounted inside the vacuum chamber and connected to the propel-
lant feed system. The propellant feed rate is controlled by a high pre-
cision infuse-withdrawal syringe pump (type KDS 900 OEM from
www.kdscientific.com) with a mounted 25 ul syringe controlled by a
computer. The ionic liquid is put at a high electric potential, whereas
the annular shaped extraction electrode and the collector plate are
grounded. The ion current impinging on the collector plate is pass-
ing a custom-built amplifier circuit whose output can be captured
by digital multimeters for DC measurements and with an oscillo-
scope for time-resolved measurements. The cut-off frequency of the
amplifier circuit is ~2 kHz due to the filter used. The custom-made
electronics have the capability to resolve currents in the single nA
range. No axial data can be acquired, such as the beam shape or the
impact position on the detector plate, as the detector only features
one collector plate.

Il. RESULTS

A. Imaging of the emitter structures

The emitters fabricated as described above were character-
ized by scanning electron microscopy (SEM) and, in a destructive
way, by milling with a focused ion beam (FIB) followed by SEM
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inspection. Figure 4 shows two SEM images of a volcano emitter,
taken at a slightly oblique angle from the top side (left panel) and
from the back side (right panel).

The emitter has a height of 50 ym above the base plate whose
thickness is 35 ym, and diameters of 35 and 16 ym at the base plate
level and top, respectively. The actual capillary diameter is 10 ym,
while the design diameter was 12 ym, which indicates that the voxel
width in the lateral direction was about 1 ym. This emitter test struc-
ture was written on a single hexagonal chunk whose edges are visible
at the right-hand side of the image in the left panel. The high sur-
face quality of the SU-8 structures is obvious from the SEM image.
The line extending from the cone at the center to the right results
from scan lines starting and ending here. It can be neglected as the
defect only affects the surface, with a height/depth in the nanome-
ter range, thus not influencing the structural stability; it nevertheless
could be avoided by redesigning the code for this part of the base
plate, namely, by having the lines start and end at different, possibly
random, angular positions. The SEM image taken from the back side
in the right-hand panel of Fig. 4 shows that the diameter at the lower
end of the capillary is the same as that at the top and that the capillary
surface has the same high quality there; this is where the capabilities
of SEM inspection end as far as the capillary is concerned.

The quality and reproducibility of 3D microlithography in
SU-8 are also demonstrated by the SEM image in Fig. 5, which
depicts a five by five array of volcano emitters with a height of 50 ym
above the base plate each, arranged on a square lattice with 40 yum
pitch.

Removing unexposed resist from the whole length of the cap-
illary is a well-known challenge even in 3D printing on a larger
scale.'™'” While a continuity check at the end of the fabrication pro-
cess can confirm that there is a fluidic path through the capillary, the
homogeneity of the capillary diameter and quality can only be con-
firmed by destructive testing. Figure 6 shows the top of a volcano
emitter (left panel) and a volcano emitter at the height of the base
plate top (right-hand panel), respectively, both milled laterally by a
focused ion beam (FIB) to about the center of the capillary.

o FJLUN =g
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FIG. 5. SEM image of a five by five emitter array.

30 pm

The FIB inspection shows no signs of incomplete development
inside the capillary and suggests that the quality of writing is consis-
tent throughout the entire capillary’s length. It is obviously safe to
state that capillaries with 10 yum diameter can be reliably fabricated;
reducing the diameter further will be the subject of ongoing process
optimization.

B. Electric characterization of the emission behavior

Time-resolved current signals from an array of seven
microemitters are shown in Fig. 7. The propellant flow rate was kept
at a low level, namely, at 0.05 ul min~" for the measurement shown
in the top panel and 0.1 ul min~" for the bottom panel, respectively.
The data were taken with an oscilloscope (top) and a digital multi-
meter (bottom). In both cases, the ionic liquid was put at negative

10 pm
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FIG. 4. SEM images of a single volcano emitter from the (left) top and (right) bottom side.
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FIG. 6. SEM images of an FIB milled volcano emitter at the tip (left) and at the base plate height (right).

potentials of 2-2.5 kV, and the annular ring extraction electrode
with an inner diameter of 1.5 mm and an outer diameter of 3.5 mm
was placed at a distance of ~2 mm from the emitters. A caveat at
this time is that the geometry of the emission characteristics is not
well-known, and it cannot be ruled out that significant portions of
the emitted ionic liquid end up on other parts of the (grounded)
chamber than the collector plate.

In the low flow regime that data are available for at this time, the
emission obviously occurs in the form of single peaks, most likely
resulting from rather large droplets that are emitted from one or
several of the seven microemitters in the array.

The capillary cross sections realized here with 3D microlithog-
raphy are more than an order of magnitude lower than those realized

by planar and stacked planar photolithography reported earlier by
the authors."!

Consequently, the currents are comparatively small, and very
likely pulsed as there was no stable emission. The experiments
revealed that the time resolution of the DC voltmeter (~800 ms)
is insufficient to resolve such small pulsed currents. The resolution
is primarily limited by the communication with the PC. We were
able to resolve such currents on these time scales with the oscillo-
scope, but it was not possible to record the corresponding data, as
the writing speed was too low. Therefore, only single events could
be resolved. A ToF setup with improved accuracy is in progress at
this time. The new setup features a multi-channel-plate detector,
able to resolve even single ion events, with a time resolution in the
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FIG. 7. Extraction current as a function of time for a seven microemitter array: on a short time scale, taken with an oscilloscope (top panel), on a longer time scale, taken

with a digital multimeter (bottom panel).
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nanosecond range. The detector also features a delay line func-
tion giving us access to an axial resolution, revealing the beam
spread. Using this new detector, ToF data become available and
velocity and mass distributions of the extracted charged species
may be determined. We anticipate significant improvement in the
beam characterization of our miniaturized emitters using the new
equipment.

The emission regimes attainable with the high precision syringe
pump controlled flow rate remain to be mapped for the microemit-
ters with 10 um capillary diameter. In particular, it will be interesting
to see how the transition from individual droplets to a continuous
emission will be affected by the small capillary diameters, and if
individual microemitters arranged in an array indeed are operating
independently from each other.

IV. CONCLUSION

The microemitters that are the subject of this report were
for the first time made entirely with 3D microlithography, that is,
without substrates pre-fabricated with planar photolithography. 3D
microlithography is thus proven to be a suitable tool for microemit-
ter fabrication, and the output of more than one finished (ready for
measurement) structure per day shows that the Nanoscribe PPGT
may even be suitable as a production tool for small series rather than
just as a research tool. The overall production cost per unit is lower
compared to other fabrication methods, as one unit only requires
some readily available photo epoxy, given the necessary infrastruc-
ture is available. Furthermore, a rapid prototyping cycle makes this
fabrication method rather interesting for commercial and scientific
applications.

Currently, there are few other fabrication methods capable of
producing emitters of the same quality and size. An example capable
of doing so is a silicon-based fabrication method with deep reactive
ion etching at its core.”” Compared to our fabrication method, deep
reactive ion etching is incapable of producing undercut profiles and
is harshly limited in its freedom of design. Furthermore, this fabri-
cation technique lacks the high resolution of 3D lithography for very
small details and has longer production and prototyping cycles.

The newly won design freedom will allow the creation of flu-
idic structures with increased hydraulic resistance in a well-defined
way, which would justify extending the research on miniaturized
electrospray emitters to the internally wetted capillary type as an
alternative to the successfully established porous emitter type, offer-
ing the prospect of further miniaturization by at least one order of
magnitude.

The flow regimes across the multiparameter space spanned by
flow rate, capillary dimensions, and extraction voltage, to name the
most important, need to be mapped both for single emitters and for
emitter arrays. Finally, to characterize the composition of the emit-
ted species, an improved ToF setup tailored to the low signal levels
needs to be established. Under these circumstances, internally wet-
ted capillary electrospray microemitters still have the potential to
become a useful tool in the arsenal of micropropulsion alongside the
established porous emitters.
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NOMENCLATURE

The following abbreviations are used in this manuscript:
AOC attitude and orbit control

DLP digital light processing

EMIM-BF4  1-ethyl-3-methylimidazolium tetrafluoroborate
FEEP field emission electric propulsion

FIB focused ion beam

GWL NanoScribe specific file format

HVS high voltage source

IR infrared

LIS liquid ion source

PEEK polyether-ether-ketone

PPGT type of NanoScribe instrument

SEM scanning electron microscope or microscopy
SLA stereo-lithography apparatus
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3.2 Publication II: Space Propulsion Conference 2022

This conference publication marks a significant advance in the characterisation of
SU-8 polymer and the analysis of micro 3D-printed electrospray emitter arrays.
This publication focuses on the significant improvements to the 3D printing pro-
cess and 3D design for the previously presented emitters. The characterisation of
emitter arrays comprising six emitters was conducted through the implementation
of a series of experiments. The results are presented in this publication. Moreover,
radiation hardness tests were conducted on the SU-8 polymer. It is imperative to
conduct such tests in order to ascertain the suitability of polymer-based emitters
for the harsh environment of space. Infrared absorption experiments were con-
ducted on irradiated SU-8 polymer samples. The results demonstrated that the
polymer exhibited no adverse effects following exposure to high-energy gamma ra-
diation.

F. Kunze wrote the first draft of the manuscript. The manuscript underwent
revision by all of the contributing authors. The experiments and data acquisition
were conducted by F. Kunze. Furthermore, P. Klar and T. Henning provided
supervisory and project management oversight.
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ABSTRACT:

Highly miniaturised capillary type electrospray
emitters fabricated by micro 3D printing using two-
photon-lithography are presented. The emitters are
as small as 10 micrometres in lateral dimensions,
which makes them more than one order of
magnitude smaller than comparable emitters
fabricated by 3D technology. Furthermore,
extraction data and operation parameters for a six
emitter cluster operating in different extraction
modes are presented. Additionally, irradiation
experiments on SU-8 were performed with the
conclusion that SU-8 is resistant to radiation and
suitable for space applications.

1. INTRODUCTION

Miniaturisation is a very prominent aspect of
spacefaring endeavours. By reducing the size of the
satellites more can be deployed per launch and with
a higher degree of integration these satellites can
perform more tasks at the same time. A main
component for satellites is the thruster system,
which is most likely an electric propulsion
system [1,2]. Such systems take a considerable
portion of the total satellite’s payload. One approach
to improve the miniaturisation is to develop thruster

000341 SN

Figure 1. SEM image of a six emitter cluster.
The emitters are placed in a ring
configuration with 100 pm spacing. All emit-
ters are identical with a capillary diameter of
10 um and a height of 70 um over the base.

100 pm

systems from existing technologies and make them
smaller. The other approach we follow is to improve
already small systems. Electrospray emitters fall
into the second category, as they are inherently
small. Furthermore, they scale favourably upon
miniaturisation and have low power requirements.
Additionally, if ionic liquids are used as propellant,
electrospray emitters can be operated in ambipolar
mode, thus making them self-neutralising.
Electrospray emitters operate by applying a static
voltage between a fluid and an extraction electrode.
Under the influence of the electric field the exposed
fluid is deformed and a so called Taylor cone forms.
At the tip of the cone the electric forces are so large
that fluid molecules can overcome the coherent
forces and exit the fluid as a spray [3]. There are
already electrospray thrusters of the porous emitter
type with flight heritage [4,5]. Our goal is to explore
the usage of novel 3D printing technology to
manufacture and further miniaturise internally
wetted capillary type electrospray emitters. We aim
for capillary orifices at the same size or even smaller
than the pores of porous emitters, thus eliminating
any randomness and guaranteeing well defined
emitter dimensions. This approach allows for highly
customisable thruster systems with a
scaling-up-by-numbering-up scheme resembling
the principle of modern displays with a highly
variable number of pixels. Furthermore, a high
degree of miniaturisation and integration of the
whole system can be achieved [2,6].

2. MICRO 3D PRINTING OF ELECTROSPRAY
EMITTERS

Internally wetted capillary type emitters with lateral
dimensions in the single digit micron range are hard
to fabricate. To achieve a high degree of
miniaturisation, fabrication methods from micro-
systems technologies such as photolithography are
necessary. Our previous work focused on planar
photolithography. The approach used layers of
SU-8, a negative tone photo epoxy with
photosensitivity in the UV range, stacked together
to generate simple 3D structures, so called 2.5D
emitters [6,7]. The layers had holes which were
used to extract propellant from underneath the
emitter assembly. Our manufacturing method
connects to the planar lithography and improves the
3D capabilities for emitter fabrication with 3D micro
lithography, or two-photon-lithography, at its core.
This allows for reliable 3D micro printing with sub-
micrometre resolution. For the emitter fabrication
we use a batch process with optimised parameters.
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Figure 2. Schematic drawing of the set-up for the extraction experiments. The emitters are placed in the
middle inside the vacuum chamber with a moveable electrode in front. A high precision syringe pump
supplies the propellant to the emitters via a fused silica capillary. A collector plate catches all the extracted
ions and an amplifier electronics translates the current signal into a voltage signal which is than captured.

SU-8 is spin coated onto a silicon wafer with a resist
thickness of more than 100 um. Afterwards the
wafer is mounted into the 3D lithography device,
PPGT from NanoScribe™ and the desired
structures are printed into the resin. The device
uses a 780 nm femtosecond laser which is focused
through a microscope optics. While unfocused the
laser can pass through the resin without triggering a
photochemical reaction due to the low photon
energy, however, in the area around the focal point
of the optics the intensity is high enough to trigger
two-photon-absorption processes. Two 780 nm
photons provide the same energy as an UV photon,
thus triggering a photochemical. Scanning the focus
through the resin by changing the laser path with
mirrors (galvo scan) or moving the sample
(piezo scan), arbitrary 3D structures may be
manufactured. Our fabrication process allows for
the batch processing of more than ten emitter
clusters in one manufacturing step. The whole
fabrication process in detail was reported by the
authors in 2021 [8]. For the experiments described
a cluster of six identical emitters with a capillary
diameter of 10 um was used. The cluster was
orientated in a ring shape to yield the same
emission environment for each of the six emitters.
Fig. 1 shows a scanning electron microscope (SEM)
image of such a cluster. The whole emitter cluster
as well as the base plate are manufactured from
pure SU-8 photopolymer. Inside the volcano shaped
emitter a capillary extends through the emitter and
the base plate, thus allowing propellant to be fed to
the emitter tip from below. The capillary diameter,
length and even the shape can be freely customised
for the desired application.

3. ELECTROSPRAY EXTRACTION

We used the experimental setup previously
reported for the characterization of the emission
behaviour [8]. An external copper ring with an inner
diameter of 2 mm and an outer diameter of 4 mm
serves as extraction electrode. The current signal
was acquired via a high precision amplifier with a
gain factor of 107 V/A. A schematic drawing of the
experimental set-up is shown in Fig. 2. Extraction
voltage, distance to the extraction electrode and
propellant flowrate can be adjusted during the
experiment. The voltage can be adjusted with a
computer controlled high voltage source, the
distance can be adjusted using a high precision
piezo stage and the feed rate is controlled with a
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Figure 3. Current extracted from a six emitter
cluster operating at 3000 V extraction voltage,
2 mm distance to the electrode and 0.1 pl/min
feed rate. The signal indicated the operation in
droplet spray mode, with distinct single peaks
and a low base current.



high precision syringe pump. The syringe pump is
able to work in infuse and withdrawal mode, thus
allowing to fine tune the feed rate. By systematically
changing these three parameters, different points of
operation were found. Fig. 3 shows data of the
emitters operating in droplet spray mode. The
operation parameters were 3500V extraction
voltage, 2 mm distance of the electrode to the
emitter and 0.1 pl/min feed rate. The signal fits the
‘droplet spray mode’ described in the literature [9].
Multiple peaks are visible on top of a constant
current. The low constant current can be explained
by smaller droplets or single ions which are
extracted at a constant rate Additionally the bigger
droplets are extracted at irregular intervals, thus
creating the peaks. In the beginning of the
extraction around 100 s, more peaks at a higher
rate are visible, which indicates, that the start-up
conditions vary from the continuous operation
conditions. We suspect, that in the beginning, the
build-up of fluid or a higher voltage are influencing
the Taylor cone formation. Once a stable cone is
established less voltage and fluid may be necessary
to maintain it. We further suspect that not all
emitters of the cluster are active for the data sown
in Fig. 3. Data shown in Fig. 4 was acquired in a
repeated experiment with a similar emitter cluster.
Operation parameters for this experiment were
4000 V extraction voltage, 2 mm distance of the
electrode to the emitter and 0.05 pl/min feed rate.
The extraction is at a higher level compared to the
extraction displayed in Fig. 3. and exhibits more
stable sections. Particularly in the time frame from
430 s till 580 s very stable extraction with a constant
current of 1.2 nA can be observed. In this time frame
the emitter cluster is most likely operating in a cone
jet mode [9]. In the following sections the extraction
is also relatively stable, but with more dominant
droplet peaks. Over the whole time period of 1800 s
no alterations of the extraction parameters were
made, yet the extraction behaviour changed over
time. We conclude, that either the parameters need

to be adjusted during the extraction process or the
external parameters like the electrode geometry
need to be changed to achieve a more consistent
extraction. Though only semi stable, we achieved
an extraction of least 1 nA over a time period of
1800 s. The behaviour can be reproduced with
different emitter clusters under the same operation
parameters.

4. RADIATION HARDNESS OF SU-8

The emitters are fabricated from pure SU-8 polymer
and therefore have to fulfil multiple criteria to be
used under space conditions. They have to be
vacuum compatible. This is not an issue as SU-8
has been used in a high vacuum conditions without
outgassing and deterioration due to low pressure.
Another important aspect is the exposure of the
emitters to cosmic radiation. To determine the
influence of high energy radiation on SU-8 we
conducted multiple experiments where
emitters or emitter like structure fabricated from
SU-8 were exposed to a 8°Co source. The used ¢©°Co
source emits gamma radiation with 1.17 MeV and
1.33 MeV with an activity of 982 MBq. The sample
was placed at a distance of 1 m to the source and
was exposed for 144 hours. To determine any
changes in the morphology or the material
composition we used an infrared (IR) transmission
characterisation. The transmission spectrum of the
exposed sample was compared to a reference
sample prepared in the same fabrication batch.
Fig. 5 shows the two graphs for the reference and
the irradiated sample. Both graphs show identical
locations for the local maxima. The absorption
modes fit very well to the organic compounds which
SU-8 is composed of. There are clearly absorption
modes for the benzene rings as well as the epoxide
groups [10]. The small difference in intensity are
measurement uncertainties due to the sample
exchange. As both graphs show exactly the same
absorption modes, we conclude that there is no
obvious change to the structure and composition of
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Figure 4. Extracted ion current over time for a six emitter cluster operating at 4000 V extraction

voltage, 2 mm distance to the electrode and 0.05 pl/min feed rate. The emission is semi stable with

some stable parts and unstable periods. The extraction behaviour changes over the shown
timeframe without any changes to the extraction parameters.
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Figure 5. Infrared transmission spectrum for 20 um thick SU-8 plates. The prominent absorption
modes were labelled according to their corresponding compound.

the SU-8. New modes for reaction products should
be visible in the IR absorption curve if there was any
reaction due to the radiation. A different experiment
used a high energy neutron source with comparable
results reported in literature [11]. The SU-8 showed
minimal structural change due to radiation
exposure. From these results we conclude that
SU-8 is highly resistant to high energy
electromagnetic and particle radiation and
therefore, is suitable for space applications.

5. CONCLUSION AND FUTURE WORK

Internally wetted capillary type electrospray emitters
with capillary diameters as small as 10 um were
fabricated from pure SU-8 photopolymer with a two-
photon-polymerisation device. = SU-8 structures
were exposed to high energy electromagnetic
radiation to test the radiation hardness of SU-8.
Data for infrared transmission for SU-8 exposed to
gamma radiation was shown and from the data we
conclude no morphology changes of the SU-8 due
to the radiation exposure. Furthermore, we
presented extraction data for 3D micro printed
emitter clusters operation in droplet spray mode and
cone jet mode. The obtained data shows that stable
emission from such emitters is possible, but has yet
to be optimised. In the future we want to improve the
stability of the extraction. Further, we want to
characterise the influence of the variation of
extraction parameters on the emission behaviour.
We also intend to obtain time of flight data as well
as an estimate for the specific impulse for such
emitters. For the time of flight measurements, a high
resolution delay line detector is currently integrated
into the experimental set-up. To further improve
upon the miniaturisation aspect, we want to
integrate the extraction electrode into the emitter
assembly. Some prototypes were already fabricated
but not yet ready for use. This should reduce the
necessary extraction voltage by an order of
magnitude and opens up the use for ion optics to
increase the specific impulse.
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3.8. Publication I11I: IEPC 2022

3.3 Publication III: TIEPC 2022

This publication presents a significant advancement in the characterisation capa-
bilities of electrospray emitters, as well as an advancement in the fabrication of
arrays. A time-of-flight mass spectrometry method was implemented in the ex-
isting characterisation setup. This configuration enables the precise measurement
of the flight time of ions and ion clusters. A Bradbury-Nielsen ion gate was re-
designed, optimised and tested for use in this application. The data obtained from
the time-of-flight experiments enables the calculation of supplementary informa-
tion regarding the ion emission of the micro-emitters. The data obtained allows
for the calculation of specific impulse, droplet distributions and overall efficiency.
This constitutes a requisite step towards a comprehensive characterisation of the
3D micro-printed electrospray emitters. Moreover, improvements in the fabrica-
tion process have enabled the production of emitter arrays comprising over 250
individual emitters. Furthermore, the fabrication errors were reduced in order to
enhance the reliability of the printing process.
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revision by all of the contributing authors. The experiments and data acquisition
were conducted by F. Kunze. K. Holste and J. Zorn provided support during the
planing and implementation of the time of flight experimental set-up. Furthermore,
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Internally wetted capillary type electrospray emitters arrays fabricated by 3D micro printing
are presented. The emitter arrays consist of more than 200 individual emitters in different
configurations. Fabricated from pure SU-8 photo epoxy the emitters show very high mechanical,
chemical and radiation resistances. Furthermore, a time of flight set-up for the characterization
of the emission from such emitter arrays is presented and preliminary time of flight data is

shown.
I. Nomenclature

EMIM-BF; = 1-Ethyl-3-methylimidazolium tetrafluoroborate (an ionic liquid)
Eq = Electric energy
FExin = Kinetic energy
80 = Gravitational constant of the earth
Iy = Specific impulse
L = Flight path length
m = Jon mass
dsp = Jon charge
Thight = Particle flight time
Uextr = Extraction voltage
Vion = Jon velocity

II. Motivation and introduction

The ESA prognoses the number of small space craft already and to be launched to increase exponentially by the year.
Already more than 1000 satellites will be launched by 2022 and up to 50 000 small spacecraft will be in orbit by 2030
[1]. Driving factor for the commercial interest are massive constellations such as Starlink and OneWeb as well as the
more easily accessible rides. Highly integrated thruster systems with as small as possible mass and lateral dimensions
for the application on small, micro and nano satellites are in high demand, Furthermore, with the already sparse Xenon
supplies, plasma based thrusters may not be the optimal choice in the future, which leads to the development of new
innovative thruster solutions. Electrospray emitters are an interesting choice as a micropropulsion solution. They offer a
very high specific impulse, low power requirements and precise thrust management, which makes them a very good
choice for micro and nano satellites [2—4]. Furthermore, they are highly miniaturizable and even scale favorably on

IPhD cand., Institute of Experimental Physics I and Center for Materials Research, Fynn.Kunze @physik.jlug.de

2MSc cand., Institute of Experimental Physics I, Jana.Zorn @physik.jlug.de

3Senior staff scientist, Institute of Experimental Physics I and Center for Materials Research, Torsten.Henning @ physik jlug.de

“#Senior staff scientist, Institute of Experimental Physics I, Kristof.Holste @ physik.jlug.de

SDirector of Institute of Experimental Physics I and Center for Materials Research, Head of EP-group, Peter.J Klar@exp1.physik.uni-giessen.de

Copyright © 2022 by the Electric Rocket Propulsion Society. All rights reserved.



miniaturization. Additionally they may be operated with liquid metal or ionic liquids, two readily available propellants.
Liquid metal based thrusters from e.g Enpulsion have flight heritage [5] and are currently in high demand with over 100
units of the EnpulsionNano sold in 2022 [6]. This indicates a high interest in electrospray propulsion systems and the
need to develop novel electrospray systems, such as the micro 3D printed emitters presented here.

Electrospray emitters operate by applying a static electrical voltage between an extraction electrode and a liquid
propellant. Most commonly used are liquid metals or ionic liquids, which are easy to ionize or are already ionized.
The propellant exposed to the electrical field forms a conic shape towards the extraction electrode, a so called Taylor
cone [7]. The electrical field at the tip of the cone is amplified to a degree where the propellant is ionized and already
existing ions are able to leave the propellant forming a spray of ions or droplets. Electrospray emitters can operate in
different spray modes, each having its own characteristics. For example, droplet spray mode extracts mass rich heavy
droplets at comparably low velocities, while ion spray mode extracts single ions at high speed [8]. Currently there
are three dominant emitter types used. Porous emitter types supply the propellant through their porous structure to
the surface where it can interact with the electrical field [8]. An example are the emitters manufactured by Enpulsion
which use a tungsten sponge as base material to form conic emitter structures. These emitters rely on the the statistical
distribution of the pores to evenly supply the propellant to the surface an thus are limited regarding their size and shape
by the characteristics of the porous material. There are approaches to manufacture uniform porous materials by sintering
silica pearls, however, this is part of ongoing research [9]. The second emitter type is the externally wetted emitter
type [8]. These emitters supply the propellant over the surface of an emission structure, like a cone or an edge. The
challenge of this emitter type is to get the right amount of propellant onto the surface. If to much liquid is supplied,
unwanted interaction may occur and impede or influence the formation of an controlled ion spray. Last type of emitter
are internally wetted capillary type emitters [8, 10, 11]. For this kind of emitter the propellant is fed through thin
capillaries and is extracted from the orifice at the end of the capillary. Challenging for this type of emitter is the low
hydraulic resistance, which may easily lead to propellant spilling out of the capillary and wet the structures around
the orifice, thus impeding intended operation [12]. A way to approach this challenge is the application of a 3D micro
printing technology, the two photon lithography. This manufacturing method allows the additive manufacturing of high
aspect ratio capillaries with a high degree of freedom The freedom of design also includes the fluid paths where flow
inhibiting structures may be included. Thus the hydraulic resistance can be tailored to the specific application intended
for the emitters. This is also our approach to a novel electrospray design, which uses a photo sensitive polymer, called
SU-8, as base material and is fabricated by two photon lithography.
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Fig.1 (a) SEM image of a 3D printed cluster of six individual emitters and (b) a 3D rendering of an advanced
emitter array with more than 200 individual emitters
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Fig. 2 SEM images of multiple array configurations with (a) the emitter array from Fig. 1b with more than 200
emitters evenly distributed emitters, (b) a close up shot of the same array, (c) an array in ring configuration and
(d) an array in cluster configuration.

II1. Manufacturing of emitters and arrays

The feasibility of the manufacturing of electrospray emitters by photo lithography has already been proven by the
authors. Emitter and even some arrays have been manufactured by 2D planar [13-15] and 3D lithography (two photon
lithography) [10, 11]. A process to reliably micro 3D print capillary type electrospray emitters with capillary diameters
in the singe micrometer range has been reported by the authors in 2021 [10]. The core of this manufacturing method
is the application of the two photon lithography. Two photon lithography uses a near infrared pulsed laser, which is
focused through a microscope objective into a layer of photoresist. The photons emitted by the laser have on their
own too little energy to trigger a photo chemical reaction in a typical photo sensitive resin, in our case SU-8. Only at
the focal point of the laser the intensity is sufficiently high to trigger two photon absorption processes at a very high
rate, while the unfocused part of the laser beam just passes through the photoresist. While one photon carries to little
energy, two photons, however, provide a similar energy as an ultra violet photon, thus triggering the photo reaction in
the resin. By scanning the focal point through the resin in all three dimensions, any 3D structure can be written to the
resin layer. If used with an negative tone photoresist, like SU-8, the exposed areas harden and can be washed out of the
unexposed resin after the process. The exact process parameters were reported by the author in 2021 [10]. SU-8 is



already validated as a suitable material for space applications. It shows high mechanical and chemicals stability and is
very resistant to electromagnetic and particle radiation [11, 16]. A resulting emitter cluster with six emitters is shown in
Fig. 1a as well as a selection of arrays are shown in Fig. 2.

The 3D lithography further allows the fabrication of advanced emitter arrays. As the individual emitters are very
small and only provide a fraction of a nanonewton of thrust, usable thrust levels can be achieved by increasing the
number of emitters. The authors have proven, the reliability and print quality over a large printing area [10, 11]. This
allows the fabrication of emitter arrays consisting of hundreds of individual emitters. Furthermore, due to the high
freedom of design the emitter arrays can also be tailored according to the user’s wishes. The individual emitter shape,
structure and position in the array can be chosen freely. Figure 1b shows a render of an evenly distributed emitter
array and Fig. 2a shows a SEM image of the finished array. The individual emitters are identical in form and spaced
equidistant, thus representing one of the simpler array configurations. A close up shot shown in Fig. 2b of the center part
of the array shows the high reprinting precision and overall print quality. It is possible to use the same program code,
which resulted in the even distribution array in Fig. 1b to fabricate ring arrays or arrays of smaller grouped clusters,
which are shown in Fig. 2¢ and Fig. 2d. These arrays are more complex and show the advantages of this fabrication
method. All of the presented arrays were fabricated in the same batch process using the same printing program, with a
printing time of less than 7 h per whole emitter array, including the emitters as well as a supporting base around them.
One complete emitter array measures about 5 mm in diagonal, with the active emitter area as small as 1 mm to 1.5 mm
in diameter.

IV. Time of flight experiments

Time of flight experiments (ToF) are a necessary step to determine the performance and the extraction behavior of
electrospray thrusters. Depending on the type of extraction mode emitters can output ions, droplets, or a mixture of
both in varying ratios. Depending on the spray mode, either more thrust by extracting heavy droplets or higher specific
impulse /5, by extracting pure ions can be achieved. Time of flight experiments give insight into plume composition,
ion velocity and mass distribution at a given point of operation of the emitter array.

The concept of time of flight measurements stems initially from nuclear physics, which focuses on single particles
or atoms and the occurring reactions at high energies. At its core ToF relies on the law of energy conservation to gain
information about the kinetic energy Eyi, of a given particle by sending it along a predetermined path of a certain length
L and measuring the time it needs to travel one way. The flight time Thjgn, in conjunction with the path length L gives
information about the velocity v;o, of the particle.

L
Vion = T_ (D
flight

If either the mass m or the starting energy Eguy of the particle is known, one can calculate the missing information from
Eq. (2).
1,
Exin = 5 mvio, = Egart 2)

For our purpose of extraction from electrospray emitters, the energy at which the particles start is given by the extraction
voltage U and the charge of the particle g, thus can be described by Eq. (3).

Egart = Eel = qQUextr 3)

By combining Eq. (1), Eq. (2) and Eq. (3) we can calculate the mass m of a detected particle for a fixed set-up with a
path length L.
2
Tﬂight
L2

2qU
m = qT =2qUexy
Vion

)

Furthermore, the specific impulse I can also be calculated from Eq. (1) by dividing the velocity vion by the gravitational
constant of the earth go.

Vim _ L
g0 8o Thight
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Fig.3 Schematic drawing of the set-up for the time of flight experiments.

A. Experimental set-up

For the time of flight experiments we use the previously reported experimental set-up for the characterization
of electrospray emitters at the JLU [10, 11]. Additionally to the set-up already in use, a Bradbury-Nielsen ion gate
was integrated into the flight path to control the ion beam. Furthermore, the collector plate from the previous DC
characterization set-up was exchanged for a channeltron detector with a much higher detection sensitivity. A schematic
drawing of the set-up is shown in Fig. 3.

To acquire time of flight data from ion sources operating at constant or semi constant emission mode, the ion beam
has to be chopped into small packages which do not overlap, meaning one whole package can reach the detector before
next package is sent on its way. If the time frame of a single package is to o long, very fast ions from the next package
can interfere with measurement of the previous package. Is the time frame too short few ions can pass the gate and
result in very low detection rates and thus long measurement times. Therefore, an ion gate is necessary to reliably
control the ion intake to the detector. We opt for an Bradbury-Nielsen gate, which will be discussed in more detail
below. The gate is controlled by two independent DEI PVX-4130 +6kV pulse generators. One is connected to an
controllable positive HV source, the second is connected to a negative HV source. Both pulse generators are gated by a
5V square-wave transistor-transistor-logic (TTL) signal provided by a ROHDE & SCHWARZ HM8150 programmable
function generator. Due to an electrical restriction of the pulse generators, which allows one only to switch from a
lower potential to a higher potential, the pulse generator connected to the positive HV source has to be controlled by an
inverted TTL signal. We use a single inverter gate to invert the TTL signal provided by the function generator. The data
signal obtained from the channeltron is fed into an ORTEC VT120 fast preamplifier and afterwards passed through a
ROENTDEK CFD1x constant fraction discriminator to eliminate time delays due to different pulse heights. Both the
TTL signal and the signals from the CFD are fed into a CANBERRA MODEL 2043 time analyzer, with the TTL signal
connected to the start input and the CFD signal to the stop input. The time analyzer translates the time delay between
start and stop into a voltage signal ranging from 0 to 10V, sorted from short to long. This 0 to 10 V signal is output from
the time analyzer via the time to amplitude converted (TAC) output, which connects to an analog to digital converter
ADC/ND-560 from NUCLEAR DATA . The ADC converters the TAC signal into 1024 or 2048 channels, depending on
the device settings, and send these to an external computer to save the data. The fight time Tyjgn, can be calculated using
Eq. (6) from the time analyzer range Tp,x, the channel number C; and the maximum number of channels Cp,x.

T
Thight = Cmax Ci (6)

max
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Fig. 4 SIMION simulation of the flight path of ions through a Bradbury-Nielsen gate in (a) the open state and
in (b) the closed state

B. Bradbury-Nielsen-Gate

In mass spectroscopy experiments ion gates are commonly used to deflect and steer ion beams. The gate is
necessary in flight time experiments to control when ions may pass through to the detector. A widely used ion gate
is the Bradbury-Nielsen ion gate [17]. Due to its comparably easy structure, fast reaction times and high precision,
Bradbury-Nielsen gates are a logical choice for such experiments. The gate consists of two isolated wire grids placed
in the same plane. The wires are alternated in such a way that neighboring wires are not connected, but the second
neighbors are. The wires are commonly wound up on an external structure similar to guitar strings or are etched out
very thin metal sheets. To operate the ion gate, one set of wires is placed at a negative potential while the other set is
placed at an positive potential. This leads to local strong fields between the wires. However, if the potentials are applied
symmetrically no far field is generated. If an ion comes near the wires while the voltages are applied to the wires the
electrical attraction and repulsion from the positive and negative wires deflect the ion, independent of the type of charge,
outwards. Therefore, no ions could pass the plane the wires are positioned without getting deflected. If coupled with a
set of pinholes, no ions may reach the detector of the set-up while the voltage is applied [17]. This translates to a closed
gate state. To open the gate one has to simply stop applying a voltage to the wires. The open close cycle, thus is only
dependent on the speed at which the voltage can be applied. With the right electronics the switch between opened and
closed state of the gate can be achieved in few a nanoseconds.

We opt to build our own Bradbury-Nielsen gate and therefore started with a simulation of the flight path of the
expected ions in SIMION, a simulation software commonly used in nuclear physics to simulate ion flight paths, to
compare different gate configurations. The simulation uses the ion masses of EMIM-BF,, an ionic liquid commonly
used in electrospray applications with the compound masses of 86.8 u for the anion BF; and 111.37 u for the cation
EMIM"* as well as a kinetic energy of 4 keV for both ion species. The gate is simulated using a wire diameter of 0.2 mm,
a wire distance of 0.6 mm and two pinholes at a distance of 30 mm in front and behind the gate with a through hole
diameter of 4 mm. As gate voltages +500 V were applied to the wires. The results from the simulation of 1000 ions are
shown in Fig. 4, with a open gate in Fig. 4a and a closed gate in Fig. 4b. We further simulated a complete open-close
cycle of the whole gate driven by a square wave voltage signal simulated using the Gibbs phenomenon from 0 to £500 V
and calculated transmission coeflicient from the results. The results show no transmission for the EMIM-BF; ions if
the gate in closed and a transmission of approximately 72 % for an open gate. The 30 % loss can be explained by the
collision of ions with the wires while the gate is open. Nevertheless, these results are very promising for the ion gate, as
a low ion rate can be beneficial for the detection, especial for very sensitive detectors, where one can compensate for a
low rate by prolonging the measurement time.

We manufactured the gate according to the parameters used for the simulation. A 3D CAD drawing of the gate
alongside a picture of the finished product is shown in Fig. 5. We decided to go with a single tension wire instead of
an etched wire mesh as manufacturing and necessary repairs are more facile. The gate consist of two individual wire
holders, with each holding one wire mesh. In Fig. 5b both holders are screwed together to from the complete gate. A
spring steel wire with a diameter of 0.2 mm is wound around small steel pins embedded in a PEEK holder on one side
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Fig. 5 (a) CAD rendering of one half of the Bradbury-Nielsen gate alongside (b) a picture of the finish product

and an steel holder inserted in a PEEK casing on the other side. The two screws at the top and bottom of the steel holder
visible in the picture define the attachment points for the wire. It is possible to control the tension of the wire by two
grub screws which can move the whole steel holder outward. To guarantee a perfect spacing the wire is run trough a
plastic spacer with conic grooves cut into at fixed distances of 1.2 mm. With both wire holders screwed together at an
small offset, a wire mesh with a wire distance of 0.6 mm is generated. Both wire spools are completely electrically
insulated from each other as no physical contact is possible. The small offset between both wire sets perpendicular to
the plane due to the distance between both holders is negligible and does not impact the operation of the gate. We
integrated the gate into the set-up described in Fig. 3 tested its performance. The gate performed as expected with no
transmission while closed and high transmission while opened.

V. Preliminary ToF results

We started preliminary time of flight measurements with EMIM-BF; as an ion source extracted from a steel capillary
at different extraction voltages. For the experiments we used the set-up described in Sec. IV with the aforementioned
Bradbury-Nielsen gate and operated the set-up under the condition listed in Table 1.

We obtained the flight time data for EMIM-BF, shown in Fig. 6. Two spectra are shown from two independent
measurements, with different settings for the time analyzer. The flight time was derived from the raw data obtained
from the ADC following Eq.(6) and thus is only based on the assumption about the conditions listed in Table 1. further
validation is required. This preliminary estimation will not result in the true flight time data, as we cannot exclude any
unwanted interactions of the ions, but it should suffice to estimate the range of the flight time and mass of the detected
ions. For measurements shown in Fig. 6a a time range of 20 us was selected for the device. To get a closer look at the

Table 1 Experimental conditions for ToF experiment

Propellant EMIM-BF4

Emitter Steel capillary @ 100 pm
Electrode Copper ring @ 5 mm
Electrode distance 6 mm

Extraction voltage -5kv

Feed rate 0.1 ul/min

Gate voltage +1000 V

Gate open time 1ps

Gate switching frequency 100 Hz

Flight path length 0.8 m

Time analyzer range 20ps and 10 ps
ADC channels 2048
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Fig. 6 Results from the preliminary time of flight measurements with the assumed (a) flight time and a time
range of 20 ps and (b) a second flight time spectrum with a time range of 10 ps at SKV extraction voltage and
EMIM-BF, as source

local maxima in the left part of the spectrum we repeated the measurements a second time, with a time range of 10 ps.
The corresponding results are shown in Fig. 6b.

Both spectra show similar local maxima at the same flight times, at 1.2 ps, 1.8 ps and 4.5 ps. The reproducibility
indicates that the data obtained truly show ions and not some electrical noise. Furthermore, no signal occurs when a
physical valve in the beam path is closed, thus physically separating the source from the detector. A similar effect on
the signal is achieved by permanently closing the Bradbury-Nielsen gate. No ions may reach the detector if the gate
voltages are applied constantly. We also observed the difference in signal with a pulsed gate and a permanently open
gate. For a permanently open gate the signal is constant over the whole time range, while a pulsed gate results in the
signal shown above. The spectrum shown in Fig. 6a exhibits a small exponential decay, witch can be accounted to not
optimized electronic settings and the set-up itself. The holder of the pins holes used to collect the ions deflected by the
Bradbury-Nielsen gate are maybe too small and some defected ions may still pass around them, thus leading to free ions
in the vacuum chamber with a exponential velocity distribution. For the more focused spectrum in Fig. 6b this effect is a
lot less dominant due to the smaller time frame. The distribution is closer to a linear offset and has overall less impact
on the results. These assumed flight times translate with a path length of 0.8 m to a Iy, range from 6.7 - 10*s for the
1.2 ps flight time to 1.78 - 10* s for the flight time of 4.5 pis.

We also estimate the mass from the flight times by applying Eq. (4) under the same assumptions as before. For a
more precise interpretation of the obtained data we need to calibrate the device beforehand with a known spectrum,
from which we can reference the data. The assumed masses of the ions responsible for the local maxima observable in
the spectra are approximately 2 u for the 1.2 ps fight time, 6 u for the 1.8 ps flight time and 23 u to 31 u for the broad
maximum at 4.5 ps flight time. Like stated before, the spectrum is not calibrated and therefore, could display the maxima
at the wrong position. In the current uncalibrated state we can olay make an educated guess which peak correlats to
whihc ion. As EMIM-BF; is used with a negative voltage applied to the ionic liquid BF, are expected to be extracted,
but the mass correlating to the maximum at 23 u is to low. We assume that due to some electrical discharges the BF, ion
is fractured in BF; and F~. The fluorine ion F~ has a mass of 19 u and could be responsible for the maximum visible in
the spectrum. Like stated before, this is only based on assumptions and need further validation. We have to improve on
the calibration possibilities of the set-up to obtain meaningful information. Nevertheless the data obtained serves as
prove of concept for our time of flight set-up and is acceptable as preliminary data.

VI. Conclusion

Multiple internally wetted capillary type emitters fabricated by 3D lithography were presented. Furthermore, the
advanced array processing capabilities of the manufacturing method has been displayed, a completely customizable
array consisting of more than individual 200 emitters can be manufactured. The emitters exhibit a high printing quality,



high aspect ratio capillaries and well defined features. Individual emitters of an array are almost indistinguishable and
are precisely placed. Also presented were simulations for a Bradbury-Nielsen ion gate for time of flight experiments
on the manufactured emitters with EMIM-BF, as propellant. Based on the simulations the gate was designed in
CAD and fabricated afterwards. Preliminary time of flight data obtained from the set-up with the newly integrated
Bradbury-Nielsen ion gate was also shown, with a prove of concept for the intended application of characterizing
electrospray emitters.
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This publication represents a second significant milestone, analogous to the pre-
ceding publication. The incorporation of an extraction electrode at the emitter
level signifies a substantial advancement for this technology, exemplifying a signif-
icant fabrication achievement. The integration of the electrode into the emitter
assembly resulted in a notable reduction in the size of the thruster head. More-
over, the electrode is micro 3D printed and exhibits the same high precision and
reproducibility as the emitters. In order to achieve this, the photo resin was re-
placed with IP-Q. IP-Q is a specifically developed three-dimensional lithography
resin that enables the fabrication of structures at the meso- and macro-scale using
a two-photon lithography apparatus. The use of IP-Q, a liquid resin, allows for the
realisation of larger emitter designs, thereby offering significantly greater freedom
of design. The extractor’s modular design facilitates the rapid prototyping and de-
velopment of the 3D-printed electrospray concept. Moreover, the characterisation
setup was enhanced with the incorporation of an optical feedback system. Two
cameras permit the in-situ observation of the emitter structures and the extractor
electrode. The video feed provides insight into the fluid distribution within the
emitter or emitter array, thus enabling the identification of the underlying causes
of success or failure. Such modifications to the emitter and extractor design may
be implemented in order to address the aforementioned challenges.

F. Kunze wrote the first draft of the manuscript. The manuscript underwent
revision by all of the contributing authors. The experiments and data acquisition
were conducted by F. Kunze. Furthermore, P. Klar and T. Henning provided
supervisory and project management oversight.
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Introduction

Electrospray thrusters belong to the electrostatic thruster family [1]. They are a promis-
ing option for micro propulsion applications, such as on CubeSats. Their scalability is
a key factor driving the interest in these thrusters for micro and nano satellites [2—4].
Electrospray thrusters can be easily downscaled and even benefit from it, which sets
them apart from more traditional electric propulsion systems like Hall thrusters [5].
Another reason is that depending on the system configuration a neutraliser can be omit-
ted from the propulsion system, thus reducing the already low power requirements fur-
ther [2]. Additionally they provide precise thrust and impulse bits, making them ideal
for high precision manoeuvres like constellation flight. Another advantage is their use of
liquid or semi-solid propellants. This property renders them highly manageable during
launch and integration and the accessibility of the propellants is appealing for commer-
cial applications such as mega constellations [5].

. ©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits
@ SPrlnger use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original
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party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the mate-
rial. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://
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Electrospray thrusters operate by extracting ions or droplets from a liquid propel-
lant using a static electric field. The fluid is deformed due to the electrical field and
grows into a conical shape called Taylor-cone as the field strength is increased [2, 6].
At the Taylor-cone tip, the electric field density is sufficiently high to forcibly extract
ions or droplets of the propellant from the fluid, causing them to accelerate alongside
the electric field [7]. To function properly, the fluid must either be conductive or have
a polar component such as water [6]. For most types of elctrospray thrusters, either
liquid metal or ionic liquids are typically utilized as propellant. Liquid metal must
first be heated to its melting point before use. Indium is commonly used due to its rel-
atively low melting point of 150°C [8]. Ionic liquids, on the other hand, are salts that
remain in a liquid state below room temperature [9-11]. Additionally, these liquids
have very low vapour pressure, allowing them to remain stable in vacuum conditions
[11]. Their composition of pure ions results in high electrical conductivity, making
them an ideal propellant for electrospray thrusters. Moreover, the use of ionic liquids
permits extraction of both positive and negative ion species, eliminating the need for
an external neutraliser [12].

An electrospray thruster typically comprises three main components: the propel-
lant intake, emitter structure, and extraction electrode. The propellant intake, which
can be either a tubing system in actively fed thrusters or a reservoir in passively fed
systems, provides the necessary propellant for the emitter structure. Once the fluid
reaches the emitter structure, it is exposed to an electrical field, which facilitates ion
extraction. There are three variations in the structure of the emitter, distinguished
by the method of supplying propellant to the emission sites. The general operating
principle remains the same for all three variations [13]. One type of emitter is the
porous emitter, which delivers propellant through a porous base material from which
the emitter structure is formed. Usually, a conical structure is used, although wedges
or edges may also be effective for facilitating ion emission [12]. Another type of emit-
ter is the external emitter, where the propellant is supplied to the base of an emis-
sion structure and is drawn up to the emission point by surface forces [13]. Similar to
porous emitters, the conical shape is usually preferred. Another approach is the capil-
lary emitter, also known as the internally wetted emitter [13, 14]. This type employs a
capillary system to convey the propellant to the emission site. Each approach presents
distinctive challenges. For instance, the arbitrary pore size and distribution of porous
emitter structures render their reliable production almost impracticable. External
emitters may have reduced emission predictability due to the extraction of second-
ary ions from the fluid between emitter structures. Capillary emitters are susceptible
to overflow as a result of the capillaries’ low hydraulic resistance [18]. The extrac-
tion electrode is the final component required for ion extraction. It functions as the
liquid’s ground reference and is essential for creating the electric field necessary for
extraction. Typically, a metal lattice is used as the extraction electrode, which is posi-
tioned above the emitter structure [2].

In our work we focus on the additive manufacturing of miniaturised capillary type
electrospray thrusters. We utilize a micro 3D printing technique, two photon lithogra-
phy, to fabricate high aspect ratio capillary emitters structures as well as a newly devel-
oped fully modular extraction electrode.
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Methods

In this paper, we present a fully modular design of an electrospray thruster and report
on the results obtained from testing these emitters. The included data comprise scan-
ning electron microscope images, optical images, and extraction data. In this section
we want to focus on the fabrication and characterisation methods used to obtain the
result presented later on.

Additive manufacturing

3D micro printing and capillary designs

Our new design builds upon our previous work [14, 16, 17], which employs the tech-
nique of two-photon laser lithography, an additive manufacturing process. As the name
suggests, this method utilizes two-photon interactions to initiate chemical reactions in
a photosensitive resin [14, 15]. A single photon carries too little energy to trigger a pho-
tochemical reaction, thus passes right through the photo resist without being absorbed.
A reaction can occur only if two photons are simultaneously absorbed, which neces-
sitates a sufficiently high intensity. Such intensities are attained by focusing the laser
through microscope optics [14, 15]. At the lens’ focal point, the beam is compacted
into a minute volume, producing very high photon densities. Inside this small vol-
ume, referred to as a 3D pixel or voxel, two photon absorption can occur [14, 15]. By
using negative tone photoresist, a hardened piece of epoxy is produced inside the voxel
through photochemical reactions. A 3D structure can be created by scanning the voxel
through the resist, either by moving the substrate with the resin or by changing the
laser path via mirrors. This process closely resembles standard 3D printing. Depend-
ing on the photoresist and microscope lens used, lateral resolutions as low as 100 nm
can be attained. In comparison to other micro mechanical fabrication techniques such
as micro machining or etching, two-photon lithography presents significantly fewer
constraints in terms of shape and structure possibilities [15]. Under-cut, asymmetric,
and even hollow structures can be manufactured using this microfabrication technique,
which is often difficult or outright impossible with other microfabrication techniques.
Another advantage is the ability to fabricate structures with a high aspect ratio (width
to height ratio). In our previous work, we demonstrated that it is possible to fabricate
structures with capillary diameters of less than 10 um and an aspect ratio larger than
20. This possibility is directly related to the capillary design employed for the emitters
[14, 16, 17]. One of the major challenges with capillary type emitters is their hydraulic
resistance [18]. If the emitters possess insufficient resistance, they are prone to over-
flowing or producing large droplets instead of a fine ion spray. To enhance the hydrau-
lic resistance, one solution is to increase the aspect ratio of the capillary. The flow rate
through a finite capillary is described by the Hagen-Poiseuille law.

7'[-}’4

V=
8-n-1

(Ap). )]

The volume flow rate V is dependent on the capillary radius r, the viscosity of the
fluid », the length of the capillary /, and the pressure gradient between the input side



Kunze et al. Journal of Electric Propulsion (2024) 3:3 Page 4 of 19

and output side Ap = pin — pout- For our purposes, we can generalize that the pres-
sure on the output side p,,; is nearly equal to zero since it is open to space.

This results in two categories of variables: those dependent on the emitter design,
namely the radius and capillary length, and the system variables, such as fluid viscos-
ity and input pressure. The radius exerts the greatest influence on flow rate, as it is
proportional to the 4th power. Increasing the length of the capillary would also result
in an increase in resistance. However, compared to the impact of the radius, the linear
increase in length has a much smaller effect. The dependence on both the radius and
the capillary length is the reason why a high aspect ratio is needed to achieve low flow
rates, as both a smaller radius and a longer capillary decrease the flow rate.

IP-Q Material system

In our previous work, we utilized SU-8, a photoresist, as the base material for our
emitter structures. SU-8 is renowned for its mechanical stability, high resistance to
solvents and chemicals, and stability under space-like conditions [16]. We employed
the NanoScribe™
arrays with aspect ratios ranging from 5 to 20. One of the significant drawbacks of

PPGT, a 3D lithography device, to fabricate emitters and emitter

working with SU-8 is resist preparation. SU-8 needs to be applied onto a silicon wafer
by means of a spin coater, resulting in very smooth but rather thin resist films. The
maximum attainable layer thickness with SU-8 is about 400 um, which imposes a lim-
itation on the maximum height of the emitter or any other structures. Consequently,
we opted to use IP-Q resist, which was specially developed by NanoScribe™ for 3D
lithography with their ‘large feature solution’ set. With IP-Q, structures up to 10 mm
in height can be fabricated. IP-Q provides comparable mechanical and chemical
properties to SU-8 and performs similarly as a base material for microfluidic appli-
cations. However, there are some variations in wetting angle and surface properties
which require further investigation to arrive at a comprehensive comparison.

In addition, it is necessary to verify the radiation hardness of IP-Q for future appli-
cations. For now, IP-Q serves as a suitable replacement for SU-8. Another benefit of
utilizing IP-Q is the significantly faster process time as a result of using a 10x objec-
tive instead of the previously used 20x objective. The process time has been reduced
from 12 hours per emitter array to 4 hours per array. It should be noted that the
higher printing speed is achieved at the expense of increased voxel dimensions. With
the 10x objective, the lateral voxel size is about 1.5 um, and the longitudinal size is
about 25 pm. Although the lateral size is comparable to that of the 20x objective, the
longitudinal size is approximately five times larger. This enlargement of the voxel size
reduces the print resolution, resulting in a slight loss of print quality. However, this
effect is negligible once accounted for. Figure 1 illustrates a capillary emitter example
made with the 10x objective in IP-Q. The capillary has a diameter of 40 pm and a
length of 300 um. However, a change in material system from SU-8 to IP-Q neces-
sitated a new examination of printing parameters and structure designs to obtain
equivalent results to those previously achieved using SU-8. All in all, we can now
manufacture emitters that have greater height and capillary length compared to the
SU-8 process.
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Fig. 1 Image taken through a optical microscope with a 50x magnification. The emitter is fabricated using
3D lithography in the large feature configuration and IP-Q resin. This design features a 30 um diameter
capillary with a length of 300 um. Due to the parallax the capillary seems wider at the top, however SEM
imaging shows a uniform capillary diameter over the whole length. We also included an image of an emitter
with a 10 um diameter capillary in Fig. 9 in the Appendix

Fully modular integrated extraction electrode

The decrease in printing time is a favourable outcome, but the primary incentive for
transitioning to IP-Q was the increased structure height that could be achieved. Con-
sidering IP-Q, we developed and constructed an integrated extraction electrode for the
emitter arrays. The integration of the electrode into the emitter design presents numer-
ous advantages, such as enhancing the alignment accuracy between the emitter orifice
and electrode, thus lessening the intercepted ion current. 3D printing the electrode
further reduces fabrication errors. Such errors can result in differences in the extrac-
tion behaviour of emitters, due to the interaction of the emitters with the electrode. The
compact design itself is another benefit, as the integrated electrode requires far less sup-
port material. The 3D lithography method ensures a manufacturing of multiple extrac-
tion electrodes that are nearly identical in size and shape and offers high flexibility to
adapt the design of the electrode in any desired way.

One option for integration involves incorporating the electrode into the emitter array’s
design and printing them together in a single fabrication step. This approach yields opti-
mal alignment and structural integrity at the cost of flexibility. Another consideration
here is the metallization of the electrode. As the base material is the insulating IP-Q pol-
ymer, a secondary metallization process is necessary to produce a functional electrode.
Directly printing the electrode onto the array can complicate this process. An alternative
approach is to create a modular electrode that can be added to the emitter in a sub-
sequent step. We chose this option because it is easier to incorporate into our current
design and offers more flexibility.

In Fig. 2, a scanning electron microscope (SEM) image depicts the electrode mounted
on an emitter. The image shows the design we developed for the electrode, which com-
prises three parts: the bottom layer, placed atop the emitter; several pillars, creating the
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Fig. 2 A 3D rendering of the electrode structure and a scanning electron microscope (SEM) image depicting
an emitter with the newly developed integrated extraction electrode. The 3D rendering is based on the
same schematic used to fabricate the presented electrode, but does not include any emitter structure. In

the rendering, the emitter base (blue), the alignment cones (red), and the electrode structure (white) are
highlighted. The modular electrode is composed of the bottom layer, the spacer layer and the top layer
which holds the metal film (yellow) that acts as the extraction electrode for the emitters. The SEM image
gives an isometric view of the emitter-electrode pair based of the schematic presented above, revealing the
electrode’s placement on the emitter surface. In the forefront is one of two alignment cones visible that are
affixed within the base of the electrode. The minor distortion adjacent to the cone is a result of the adhesive
resin employed to fasten the electrode to the emitter

space between the emitter and the top layer; and the top layer, which carries the metal
part of the electrode. Each layer is described in more detail below, starting with the top
layer.

The top layer is 75 pum thick and contains emission apertures, with each aperture hav-
ing a 500 um diameter and centred on an emitter position. The number of apertures can
be customized as per user requirements. Figure 3 depicts a single aperture, while Fig. 4
exhibits a design with seven apertures. The layer itself is composed of IP-Q polymer and
is non-conductive; therefore, the top of the electrode needs to be metallized. Metallisa-
tion is carried out after the printing of the whole electrode structure and is done using a
thermal evaporation apparatus. Such a device is advantageous for metallizing as it solely
coats one side with metal, keeping the other sides essentially metal-free which evades
short circuits.

This method is commonly used in semiconductor manufacturing to apply metal
coatings to microelectronic wafers. A piece of the chosen metal is placed in a tung-
sten carrier and heated under vacuum conditions until it evaporates, releasing
metal vapour into the surrounding. The metal vapour’s origin is positioned at such
a distance from the structure that the particle flux can be assumed parallel when it
reaches the sample, where it solidifies on the sample surface. The deposition produces
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Fig. 3 Scanning electron microscope image giving a top-down view of the emitter and the electrode
aperture with a highly aligned appearance. The emitter, in this case a three-capillary design, is centred on the
aperture with very little divergence from the center position

Fig.4 The two optical microscope images depict the same emitter array with an integrated electrode. The
images were taken without moving the sample and only adjusting the focal plane. For clarity, the two images
are superimposed on top of each other, displaying only a portion of each image. In the left section of the
image, the surface of a metallized electrode is in the focal plane, and the aperture through which ions exit
the thruster is prominently visible. In the right portion of the image, the emitter tips are situated in the focal
plane. Small black dots in the center of the emitter tip indicate the visible capillary openings. The near-perfect
alignment between the emitter and the electrode is observable due to the stacking of the two images. The
capillary orifice is precisely centered on the electrode aperture

a shadow-casting effect similar to a light source, resulting in only the surface fac-
ing the vapour’s origin being coated. This is one reason why a modular system was
chosen, because with a modular design it is possible to coat the electrode structure
separately, thus avoiding an unintentional coating of the emitters through the extrac-
tor holes. Such a metal coating on the emitters may affect their wetting behaviour
and increase the chance of propellant overflow to the surface or short circuits due to
the conductive metal layer. Another factor to consider is the slight variation in the
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thickness of the metal coating. While these variations are negligible in case of the
extraction electrode since they are very small compared to the distance to the emitter,
they may result in significant variations in wetting behaviour and interaction with the
liquid propellant near the emitter making the emitters less comparable even within
the same production batch. Masking the emitters under the extractor to avoid uncon-
trolled coating would be a significant challenge, but the modular design circumvents
this challenge. For enhancing the metal’s adherence to the polymer, we initially incor-
porate a thin layer of chromium measuring 2-5 nm, succeeded by a silver layer meas-
uring 150-250 nm. The metal layer is sufficiently thick to cover the entire surface, and
the high conductivity of silver guarantees a uniform electrical field.

The spacer layer is the second layer that provides mechanical stability and secures
the metallized layer in place. It comprises several round pillars with a 300 um diame-
ter, ensuring the necessary stability while enabling nearly unobstructed observation of
the emitter. Although the stability could be enhanced by using full walls, we opted for
a visually open design. The visual open design was chosen for the in-situ observations.
Full walls would indeed increase the mechanical stability, however, would also block any
view to the emitter structures. For a finalised design a full wall adaptation would surely
be beneficial. The added mechanical resilience would be useful for the strong forces and
vibrations on launcher start. The height of the pillar can be adjusted to determine the
distance between the emitter tip and metal electrode. This flexibility in height allows for
customization of the electrical field distribution between the emitters and electrode, and
the maximum extraction voltage, to meet the specific needs of the application.

The bottom layer serves as the connection point between the emitter and the elec-
trode, determining their alignment. For optimal alignment, we have incorporated a
self-aligning feature consisting of two conical markers printed on the emitter array sur-
face. These markers are added after the printing of the emitter structure and possess
no impact on the emitters themselves. There are two openings in the bottom layer of
the electrode that securely fit onto the surface markings of the emitter, which makes the
integration process straightforward, resembling the use of building blocks. The conical
shape of the markers and the extremely precise tolerances result in a perfect alignment
of the electrode with the emitters, as shown in Figs. 3 and 4. These images illustrate the
exceptional level of alignment attainable at an individual scale, however, the moment, we
do not have enough data for providing meaningful statistical data concerning the coaxi-
ality deviation after assembling extraction electrode and emitter structure. For a more
detailed image of the alignment we refer to Fig. 10 in the Appendix.

The design of the extraction electrode is completely modular and can be applied to
any of our manufactured emitter arrays. It provides a wide range of options, thanks to
its adjustable number of apertures, aperture diameters, and height, for matching the
electrode design to the emitter array or specific applications. Alignment of the open-
ings to the emitters is ensured by the conical indicators and can be accurately repli-
cated. In addition, the ability to observe the emitters during operation is facilitated by
the high visibility in the space between the emitter and electrode. Furthermore, the
electrode design is not directly linked to the emitter design, indicating its suitability
also for externally wetted or porous type emitters. With its modular design it can be
easily adapted to other types of electrospray thrusters.
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In situ microscopical optical observation

Miniaturization is advantageous for electrospray thrusters, as previously stated [5]. Nev-
ertheless, this creates challenges in characterizing the fabricated emitters. Due to their
small size and the vacuum environment in which they are tested, standard optical obser-
vation is not always feasible for gaining insight into functionality and extraction behav-
iour on a microscopic scale. There are numerous variables that may influence emitter
emission behaviour, such as extraction voltage, feed rate for actively fed systems, emitter
geometry, and electrode spacing, among others. Determining the influence of emitter
design is particularly difficult by electrical characterization alone.

For better understanding of the interplay between variables, we will be employing
two optical cameras. One camera, a basic optical USB camera with adjustable focus,
is employed to capture real-time footage of the entire emitter stack. Its purpose is to
record the fluid intake and the interaction between extracted ions and the electrode as
a whole. The second camera is a high-resolution black and white camera with an inter-
changeable adapter for a microscope objective. We can fit objectives that magnify 5x to
50x on the camera to focus on specific parts of the emitter. Using 10x magnification, we
can observe multiple emitters of the array while still being able to resolve the emitter tip
with the extraction site. With this dual camera set-up, we can observe the emitter stack
at both macro and micro levels in real-time. This facilitates correlation of optical data
obtained from the cameras with the emission data obtained from electrical characteri-
zation. One significant benefit of utilizing a camera set-up with capillary-type emitters
is the ability to observe the microfluidic behaviour of capillaries. As fluidic resistance
presents a major challenge for capillary-type emitters, observing capillarity in situ helps
significantly in designing the emitters to meet desired parameters. Moreover, these
capabilities are not limited to capillary-type emitters exclusively. For example real-time
optical observation can assist in pinpointing the root causes of secondary emission site
formation between emitters or the interaction between the fluid and the electrode in
external wetted designs. This type of observational method has numerous applications,
beside the already discussed ones.

Active fluid feeding under vacuum conditions
To achieve a representative simulation of space-like conditions, we utilize a vacuum
chamber to test the emitter arrays. However, the fluid supply under such conditions pre-
sent a significant challenge. Various methods exist for vacuum liquid propellant feeding.
One such method involves utilizing capillary forces in porous materials to passively pull
liquid from a reservoir to the extraction sites [13, 19]. Passively-fed systems are low in
complexity and contain no moving parts. The material’s self-regulation is due to capillary
forces that contain the propellant. However, it does not provide control over fluid intake
and distribution. It was reported, that the thruster performance correlates with the res-
ervoir fill levels, resulting in loss of performance over time with less liquid remaining
inside the tank [19]. Additionally, manufacturing the emitters to achieve equal liquid dis-
tribution along the emitter array is complex and costly. Unequal distribution would also
negatively impact the performance [19].

One way to actively control fluid feeding is by using a gas-powered system. The sys-
tem includes a reservoir with one open side that is placed in a pressure container, which
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can be evacuated or flooded with a gas. A capillary is connected to another side of the
reservoir, leading to the electrospray thruster [20—22]. The pressure inside the container
can be controlled to regulate the fluid’s flow rate into the capillary. Though effective, this
method is complex. The regulation of pressure must be exact requiring high pumping
power for rapid pressure relief. Additionally, precise control of the gas used to increase
the pressure is required [20]. A further concern is the potential for gas to dissolve into
the liquid and degas inside the thruster later on.

A second means of precisely managing flow rate is utilizing a precision pump. We
already have successfully utilized this methods in the past, achieving favourable out-
comes [14, 16, 17]. Utilizing a high-precision syringe pump enables us to effectively
regulate the input rate via pump throttling. We can calibrate the flow rate, which cor-
responds to the pump throttle, using a mass flow meter. This guarantees that the appro-
priate amount of fluid is delivered to the emitter, providing full control over the feeding
process. However, there remains a pressure difference issue when the pump holding the
syringe is at ambient pressure. A minor leak of fluid from the outside into the emitter
due to this pressure difference was detectable by the mass flow meter. To address this
issue, a shut-off valve was utilized. Another issue that arose over time was the accumu-
lation of air in the system, despite the use of gas-tight fittings and syringes. This led to
spontaneous degassing within our emitter arrays, which disrupted testing. Therefore, we
adapted our pump to function under vacuum conditions and relocated the entire feed-
ing system to the inside of the vacuum chamber. A schematic diagram of the modified
arrangement is presented in Fig. 5. A second modification was made to the syringe in
order to allow gas to escape during vacuum chamber evacuation.

This involved shortening the syringe to enable complete plunger extraction during
pump down, which exposes the fluid inside the syringe to the chamber. Once a pressure
of less than 1 - 10~* Pa was reached, the plunger could be pushed back into the syringe,
effectively sealing it. A special guiding attachment ensures correct plunger insertion.
This arrangement allows for precise feeding rate control during operation, while also
guaranteeing that no gas is fed to the emitter.

Results
Optical images and videos of emitter operation and in-situ observation as well as emis-
sion data are presented. In all experiments, the electrode is grounded and then either
a positive or negative high voltage is applied to the ionic liquid, 1-ethyl-3-methylimi-
dazolium tetrafluoroborate (EMIM-BF,). All data including the video files and the cor-
responding extraction data, is available according to the FAIR regulations in our data
repository [23]. The data presented here is for three emitter designs with different geom-
etries. The individual characteristics of each design can be found in Table 1 and are fur-
ther discussed in more detail in the corresponding section. For each design, a 3D render
showing a cross-section of the capillary structure is available in our data repository [23].
The emitter designs and the corresponding data presented here were chosen from mul-
tiple experiments conducted on samples with similar or identical geometries. All results
are reproducible for emitters of identical capillary configuration and of each design.
Figure 6 displays multiple images captured from a video segment spanning approxi-
mately one second in time as well as the correlating emission data. The three optical
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Table 1 Design parameters for the presented emitter structures

Capillary type Capillary length Capillary diameter Special notes
Design 1 straight circular 100 um 20pum conical opening at
200 pm max. 40 um the emitter tip
Design 2 straight circular 300 pm 30um
Design 3 straight rectangular 300 pm 15 wmx30 um five capillaries
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Fig. 6 Three optical images captured from a live video of an emitter array as well as the correlating emission
data is shown. The pictures are arranged in chronological order, with the first one being on the left and
the latest on the right. The time elapsed between the left and right image is estimated to be about one
second. For this emitter, we opted for a design featuring a straight capillary that opens conically at the tip.
The diameter measures 20 pm at the narrowest point and 40 um at the tip. The image on the left depicts
the droplet formation on the emitter tip while the capillary in the center of the emitter supplies the required
fluid. In the middle image, the droplet is drawn towards the integrated extraction electrode while remaining
connected to the emitter, taking on a raindrop-like shape. The right image depicts the same droplet, which
has now significantly reduced in size and returned to the emitter tip, forming a spherical shape. Below the
optical images the correlating emission data is plotted. On the horizontal axis is shown the time, which
was normalized to improve the readability of the time frame of the extraction event. The time origin was
arbitrarily chosen to fit the image data and set to O for visualisation reasons. The applied high voltage (red
dots) and the converted extraction current (black squares) are plotted on the Y-axis. The emission correlating
the images is represented by the numbers plotted into the graph, with 1 corresponding the left most
picture and 3 to the right one
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images are arranged in chronological order from left to right. The images show a single
emitter of an emitter array, which features a straight, round capillary with a diameter of
20 wm and which opens conically at the tip to a diameter of 40 um. The conical opening
at the tip allows fluid to build up in this area.

The capillary’s length totals 300 pm with 100 wm having a diameter of 20 wm. The
correlating electrical emission data taken at the same time frame is plotted below the
images. In the graph the extraction voltage and collected currents are plotted versus
time. For visibly reasons the staring time was arbitrarily set to 0. The data shown con-
firms an extraction event happening in the time frame depicted by the optical images.
During the experiment, a voltage was applied once a droplet was observed at the emitter
tip. The point in time when the voltage was first applied lies outside the presented time
frame. Slow, incremental increases in voltage were made until extraction was detected.
This process took place over several minutes to allow the system to adjust accordingly. At
the 2-second mark, a new voltage target was set, and the extraction voltage was slowly
increased to reach the new target. For this experiment a negative voltage was applied to
the ionic liquid. The extractor electrode and collector plate were at ground potential.

From the left to the right, one can see the formation of a small droplet in the cone
shaped tip of the emitter. It is not visibly deformed and sits close to the tip. In the middle
image, the droplet is significantly enlarged and seems to be drawn towards the extraction
electrode. Compared to the previous image, the droplet has greatly increased in volume,
and a significant portion of the fluid is suspended in the vacuum above the tip, while
only a small part remains attached to the emitter. The droplet then returns to a smaller
size, comparable to the droplet seen in the first image. This change can be observed in
the right picture. However, there is still an apparent attraction exerted on the droplet,
as it maintains a spherical shape rather than collapsing into a meniscus. The numbers
plotted in the bottom section of Fig. 6 correlate with the chronological order of opti-
cal images with 1 denoting the left picture and 3 the right. The three images only cap-
ture a brief interval of the complete extraction process while the extraction data gives a
complete overview of the extraction event spanning over seven seconds. The extraction

Fig. 7 One optical image obtained from live footage of an emitter array and the correlation extraction data.
The integrated extraction electrode (marked in red) is visible on the left side and an emitter (marked in blue)
in the right portion, which features a straight capillary with a diameter of 30 um and a length of 300 wm.
The image portrays the extraction of EMIM-BF 4 from the tip of the same emitter in the form of a fine spray
(marked in yellow)
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event was ultimately terminated when the ionic liquid overflowed onto the emitter sur-
face, which was accompanied by multiple arc hits on the emitters.

The second dataset consists of a single optical image extracted from live footage. This pic-
ture shows a fine mist being extracted from an emitter, displayed in Fig. 7. The emitter on the
right produces an ion spray aimed at the extraction electrode situated on the left side of the
image. For this experiment we utilized an emitter featuring a straight capillary with a fixed
diameter of 30 um and a length of 300 um. The emission data that was collected is not avail-
able due to a device error in the amplifier electronics. The high currents from the extraction
event caused a safety shut-down of the amplifier. The emission was terminated by violent
arcing which caused damage to the emitter. We believe that the reason for the termination in
this case was a combination of the significant currents, the clearly visible spray in Fig. 7, and
too high extraction voltages. This combination most likely caused the arcing we observed.

The last dataset consists of one optical image and the correlation emission data of the
extraction event. The optical image in Fig. 8 displays an emitter and extraction electrode on
the right and left, respectively. The emitter design incorporates five rectangular capillaries
arranged in a star shape pattern. Each capillary has dimensions of 15 um x 30 pm x 300
m for length, width, and height, respectively. The image shows a fully formed Taylor-cone.
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Fig. 8 An optical image captured from a live video of an emitter array, which shows an emitter and an
extraction electrode aperture. The emitter consists of five rectangular capillaries arranged in a star pattern,
each measuring 15 um x 30 um . The image displays a fully formed Taylor-cone positioned over the one
of the emitters and oriented towards the extraction electrode. For better visualisation the outline of the
Taylor-cone was retraced by a red line. Additionally, the Taylor-cone is observed to be centred to the
electrode aperture. In the bottom half the extraction data is presented, with the normalized time plotted on
the X-axis and the applied high voltage and the converted extraction current plotted on the Y-axis
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For visibility purposes the outline of the Taylor-cone was enhanced with an red line in Fig. 8.
The Taylor-cone in the image is positioned on the emitter such that it points directly at the
extraction electrode. A slight reflection at the edge of the emitter tip reveals the bottom part
of the Taylor-cone. Figure 8 also shows the correlated electrical emission data. Similar to the
other experiments the extraction voltage was applied once the presence of fluid in the res-
ervoir behind the emitter was confirmed in the camera image. The voltage was then slowly
raised over the span of several minutes and after each incremental increase the system was
given time to adjust to the new voltage. During this experiment a positive voltage was applied
to the ionic liquid. The extractor electrode and collector plate were both at ground potential.
The extraction event plotted in Fig. 8 took place in the adjustment process. The image shown
in Fig. 8 can be placed around the nine second mark. The data exhibits very high emission
with a maximum of 10 pA, which remains relatively stable from eight seconds to ten sec-
onds. The extraction voltage is also stable at approximately 1.7 kV during this period. After
ten seconds of emission, instability occurred which resulted in an arcing. This is reflected by
the fluctuations observed in the high voltage and the exaction current.

Discussion

From the data obtained we can identify different extraction behaviour for the three
emitter designs. The images and data in Fig. 6 strongly imply a droplet extraction mode
featuring large droplets. This can also be seen in the emission data plotted in Fig. 6,
which shows multiple peaks. It can be inferred from the images that significant portions
of the droplet are detached during the process of being attracted towards the electrode.
After losing a considerable amount of volume, the droplet descends back towards the
emitter, possibly due to an imbalance of positive and negative ions within the fluid. This
may also account for the reduced attraction observed following the droplet’s split. Sub-
sequently, new negative ions are attracted through the capillary, resulting in the forma-
tion of a new, large droplet. The video demonstrates the repetition of the cycle depicted
in the three images. The extraction was stopped after a significant amount of fluid over-
spilled onto the surface of the emitter structure, wetting the complete space between
the individual emitters. The observed behaviour suggests that the fluid resistance of the
design presented, is still too low which is very likely also the cause of the overflow. The
capillary is capable of drawing a significant amount of fluid in a short period of time,
which favours droplet formation. Another inference can be made in regard to the design
featuring a conical opening at its tip. Its intended purpose was the creation of a buffer
zone for the fluid, thus reducing the chance of overspilling. However, it appears to have
a detrimental effect on extraction behaviour since it promotes droplet formation at the
tip. A notable observation can be made from the correlated video and emission data.
The droplets appear to have significant mass but low charge. The level of extraction cur-
rent in the emission data in Fig. 6 does not match the mass loss of the droplet. This
phenomenon may be explained by the size of the droplet, which likely contains nearly
equal amounts of negative and positive ions, with one type being slightly more domi-
nant. As a result, there is enough attraction towards the electrode, but the measured
currents are low. From the observations, one can gain significant insight into the inter-
action between the ionic liquid, emitter, and electrical field. The influence of the emitter
design is also apparent from the images and the emission data. Unrelated to the emitter
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design, the image sequence proves that the integrated electrode design is working as
intended. The droplet is pulled towards the electrode aperture and shows very little tilt.
This indicates a stable and well defined electrical field between emitter and electrode.
Furthermore, the droplets are able to exit the emitter stack and reach the detector plate.

This influence is also evident in Fig. 7. The emitters implement a revised design
that omits the conical buffer zone at the tip. A comparison of the emission behaviour
depicted in Figs. 6 and 7 reveals the effect. The latest design shown in Fig. 7 does not
exhibit droplet extraction, but instead shows a fine spray. This spray is indicative of a
fine droplet emission or even purely ionic emission. Further validation of the emis-
sion data is necessary. As previously described, data collection was unsuccessful due
to over-current in the amplifier electronics. However, the high currents, which are
typical for pure ionic extraction, support this interpretation. This image also dem-
onstrates the successful application of the recently developed electrode design. The
spray pattern visible at the emitter tip exhibits symmetrical behaviour towards the
aperture and points precisely at the opening. This observation further strengthens our
hypothesis about the electric field distribution between the emitter and the electrode.
Additionally, substantial currents were able to exit the electrode and reach the detec-
tor, even overpowering the electronics. The picture suggests a need for further inves-
tigation of the influence of the capillary on the emission. A white flash seen inside
the emitter prompts uncertainty whether it reflects light from another emitter or if
the spray is generated inside the capillary and, thus, glows. The implications for the
design and the thruster as a whole are significant, depending on the circumstances.

As evidenced by the preceding images, Fig. 8 shows a clear Taylor-cone and con-
firms again the successful implementation of the electrode design. In this case, the
ionic liquid is also pulled toward the electrode, even forming a complete Taylor-cone.
The accompanying emission data corroborates this, as a substantial current was col-
lected during cone formation.

As stated in “Results” section, the emission was terminated by instabilities which
resulted in arcing. We hypothesise from the image data captured, that in this case too
much fluid was pulled from the reservoir and caused an overflow. The extraction data
also suggest that the Taylor cone collapsed rather spontaneously, thus terminating
the extraction. Another explanation could be residual gas inside the reservoir which
exited the array through one of the emitters. While rare, we observed that some gas
may be captured inside the reservoir and may be extracted by the moving fluid. A
spontaneous decompression of the gas could also lead to a collapse of the Taylor cone
and cause arcing.

The data shown in Fig. 8 serves as an example of fluid-induced start-up, where
voltage is applied before the fluid can reach the emitter tip. Investigations of fluid-
induced versus voltage-induced start-ups reveal significant differences [24]. In certain
situations, one method of starting a the thruster may be more advantageous than the
other. Another important factor to consider is the design of the emitter. The rectangu-
lar capillary approach was used in this case, which is exclusive to this manufacturing
method. This highlights the importance of innovative thinking when designing emit-
ters. Exploring the various shapes and design features possible through 3D lithogra-
phy could lead to unforeseen outcomes and benefits.
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Conclusion

We introduced a completely modular design for extraction electrodes and its manu-
facturing process, which can be personalized to fulfil the requirements of the users
while remaining compatible with any electrospray emitter. Moreover, we displayed
the self-aligning ability of our design and demonstrated its implementation and
integration into our electrospray emitter arrays through SEM and optical images.
Additionally, we presented a new technique for acquiring in-situ video data of elec-
trospray emitters and showcased the outcomes. We modified and created various
emitter designs that utilized the IP-Q resin. These emitters were then subject to char-
acterization by using optical videos and electrical emission data. Although emission
behaviour remains unsteady, we are optimistic that stable emission will be achieved
by refining our techniques in accordance with the IP-Q material system and adjust-
ing the emitter designs. Once stable emission is confirmed, time-of-flight data will be
collected to analyse the performance of the thruster. We also want to investigate the
influence of different ionic liquids on the emission behaviour.

Appendix A Additional figures

Fig.9 A microscope image of an IP-Q emitter. The emitter features a 10 wm capillray diameter over a hight of
300 um. The lower part of the emitter is obscured by the emitter base and only a 200 wm secton of the capillary
is visible
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Fig. 10 Supplementary for Fig. 4. The picture shows a magnified section of the microscope image presented in
Fig. 4 with additional markings. The blue cross-hair is aligned to the extractor orifice and the red cross-hair to the
emitter structure. The small green dot in the center of the image marks the center of the capillary opening. From
this picture the alignment quality of the emitter-extractor combination can be determined. The deviation of the
center of the capillary from the center of the extractor orifice measures approximately 5 um
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This publication represents a minor milestone in the design and fabrication of
the modular extractor electrode. Notable enhancements were implemented to the
electrode’s structural framework. The electrode was divided into three distinct
modular components. This permits additional modularity and freedom during
the assembly of the electrospray thruster. The electrode carrier, which serves as
the electrically active component, can now be coated with additional metals or
via sputter coating technology. This provides greater flexibility in the selection
of coatings and simplifies the metallisation process. This is made possible by the
introduction of the micro-click connector. The aforementioned connectors facili-
tate friction-fit assembly of the entire thruster head, obviating the necessity for
adhesives. The self-aligning feature improves the precision of the assembly pro-
cess by enabling the different parts to be clicked together. In conclusion, the
enhancements to the extractor design facilitate more reproducible assessments of
the emitter structures.

F. Kunze wrote the first draft of the manuscript. The manuscript underwent
revision by all of the contributing authors. The experiments and data acquisition
were conducted by F. Kunze. Furthermore, P. Klar and T. Henning provided
supervisory and project management oversight.

85



86



SP2024_394

DESIGN AND MICRO 3D PRINTING OF ELECTROSPRAY EMITTERS WITH AN
INTEGRATED MODULAR EXTRACTION ELECTRODE

Fynn L. Kunze @, Torsten Henning &, Peter J. Klar @)

@ Institute of Experimental Physics |,
Justus Liebig University, Giessen, Germany
@ Email: Fynn.Kunze@physik.uni-giessen.de
(1 Email: Torsten.Henning@physik.uni-giessen.de
™) Email: Peter.J.Klar@expl.physik.uni-giessen.de

KEYWORDS: micropropulsion, electrospray,
additive manufacturing, micro fabrication

ABSTRACT:

A design of an integrated extraction electrode for
electrospray thrusters is presented. The design
features a modular composition and is completely
fabricated by additive manufacturing methods. The
main components are micro 3D printed using two-
photon-laser-lithography, which allows for a high
degree of customizability. This design approach can
be adopted for any kind of electrospray thruster,
including internally wetted, externally wetted and
porous emitter types. The very high precision of the
manufacturing process also allows for a self-
aligning mechanism to improve and insure precise
positioning of the electrode above the emitter
structures. Alongside the electrode design some
emitter designs are presented, as well as
preliminary emission data of emitters using the
newly developed extraction electrode.

1. INTRODUCTION

Electrospray thrusters, categorized under the
electrostatic thruster family [1], hold significant
promise for micro propulsion applications such as
CubeSats. Their adaptability to scaling down is a
primary factor of interest, particularly for micro and
nano satellites [2—4]. Unlike traditional electric
propulsion systems like Hall thrusters, electrospray
thrusters can be downsized with ease and even
benefit in terms of performance [5]. Moreover,
depending on the system configuration, the need for
a neutralizer in the propulsion setup can be
eliminated, further reducing power requirements [2].
Their ability to provide precise thrust and impulse
bits makes them particularly suitable for high-
precision manoeuvres like constellation flight.
Additionally, their use of liquid or semi-solid
propellants renders them highly manageable during
launch and integration, which is appealing
especially to commercial applications such as mega
constellations [5].

Electrospray thrusters operate by extracting ions or
droplets from a liquid propellant via a static electric

field. The electric field deforms the fluid, forming a
conical shape known as a Taylor-cone as the field
strength increases [2, 6]. At the tip of the Taylor-
cone, the electric field density is high enough to
extract ions or droplets from the propellant, causing
them to accelerate along the electric field direction.
For proper function, the fluid must either be
conductive or possess a polar component such as
water [6]. Common propellants for electrospray
thrusters include liquid metal or ionic liquids. Liquid
metal requires heating to its melting point before
use, with indium being a popular choice due to its
relatively low melting point of 150°C [7]. On the
other hand, ionic liquids, being salts, remain liquid
below room temperature, with minimal vapour
pressure, making them stable in vacuum conditions
[8-10]. Their composition of pure ions results in high
electrical  conductivity, making them ideal
propellants for electrospray thrusters. Furthermore,
ionic liquids enable the extraction of both positive
and negative ion species, eliminating the need for
an external neutraliser.

Typically, an electrospray thruster comprises three
main components: the propellant intake, emitter
structure, and extraction electrode. The propellant
intake, either a tubing system in actively fed
thrusters or a reservoir in passively fed systems,
provides the necessary propellant for the emitter
structure. Once the fluid reaches the emitter
structure, it is exposed to an electrical field,
facilitating ion extraction. There are three variations
of emitter structures, differing in how propellant is
supplied to the emission sites, though the general
operating principle remains consistent [11]. These
variations are porous emitters, externally wetted
emitters, and capillary emitters, each presenting
unique challenges [11, 12].

In our research, we concentrate on the additive
manufacturing of miniaturized capillary-type
electrospray thrusters. We employ a micro 3D
printing technique based on two-photon lithography
to fabricate high aspect ratio capillary emitter
structures as well as a newly developed fully
modular extraction electrode. We further are
branching out to externally wetted designs and 3D
printed porous materials.
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Figure 1. Scanning electron microscope (SEM) image of
an externally wetted emitter design. The design features
four propellant feeding capillaries (three are visible) and
a fluid retention ring around the emitter structure.

2. ADDITIVE MANUFACTURING

For the additive manufacturing we utilise a 3D
micro-printing technology based on two-photon-
laser-lithography. This method allows the printing of
polymer structures with feature sizes down to
100 nm at high speeds and precision [12-14].
Similar to conventional 3D printing this technique
inherits the freedom of design to fabricate hollow,
under-cut or free floating structures. This sets it
apart from the established micro-fabrication
technologies used in semiconductor fabrication or
micro-machining. A more detailed description of the
principle behind this fabrication method can be
found in our previous works [13-15].

2.1. New material system IP-Q

In our most recent work we adapted the material
IP-Q, a special resin developed by NanoScribe for
3D lithography applications [12]. IP-Q is a suitable
replacement for the previously used SU-8 resin,
which is known for its mechanical stability, solvent
resistance, and durability under space-like
conditions [12,13]. We made this change due to the
major drawback of SU-8's preparation process,
which involves applying it onto a silicon wafer using
a spin coater, resulting in thin resist films. The
maximum layer thickness achievable with SU-8 is
only approximately 400 um, limiting the height of
structures such as emitters.

With the IP-Q resist, which was devolved for
NanoScribe’s 'large feature solution set’, structures
up to 10 mm in height can be fabricated, while still
offering comparable mechanical and chemical
properties to SU-8. It also performs similarly as a
base material for microfluidic applications.
However, slight variations in wetting angle and
surface properties between IP-Q and SU-8 warrant
further investigation for a comprehensive
comparison. Furthermore, we need to assess the
radiation hardness of IP-Q for future applications.
Presently, IP-Q serves as a suitable alternative to
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Figure 2. Microscope image of a capillary type emitter
with spiral capillary.
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SU-8. Another advantage of IP-Q is the significantly
faster processing times achieved by using a
10x objective instead of the previously employed
20x% objective. This transition has reduced the
process time from 12 hours to 4 hours per array.
Notably, the higher printing speed is achieved at the
expense of increased voxel dimensions. With the
10x objective, the lateral voxel size is approximately
1.5 um, and the longitudinal size is around 25 pum,
representing a fivefold increase in longitudinal size
compared to the 20x objective. While this
enlargement reduces print resolution slightly, the
impact is negligible when considered carefully
beforehand. We have succeeded in manufacturing
emitters of different types with greater height,
capillary length and structural features with IP-Q
than possible with SU-8 as base material [12]. Fig.
1 depicts an example of an externally wetted emitter
design fabricated by 3D lithography and Fig. 2
shows a capillary type emitter.

2.2. Emitter structures

Fig. 1 and Fig. 2 show structures fabricated by 3D
lithography. Fig. 1 especially reveals the high
precision which the fabrication method allows, with
the very sharp tip in the sub micrometre range.

It allows to fabricate all three common types of
emitters, namely externally wetted, capillary type
and porous emitters. We already reported on the
manufacturing of capillary type emitters [12-15].
Recently we added external and porous emitter
designs for test proposes to our design library. The
porous emitters fabricated by 3D lithography have a
more structured pore composition, free from any
kind of randomness with precise and uniform pore
sizes. However, using computer code which can
simulate authentic porous materials it should be
possible to generate 3D CAD models which can be
used to print a porous structure which reflects
“authentic” porous materials very closely.
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Figure 3. SEM image of a modular integrated extraction
electrode alinged to an emitter structure. This design
features a single piece, composed of a connector plate
with alignment holes, six spacer pillars and the
metallised carrier at the top.

2.3. Modular extraction electrode

The extraction electrode or extraction grid is an
essential part of any electrospray thruster. The
electrode causes the ion extraction and their
acceleration as it allows the electrical field to be
contained around the emitters.

The extractor can take shape in a wide variety of
types. It can be a metal plate with finely cut or
etched holes, a fine wire mesh, or even sintered
porous material shaped to a grid.

As we are already fabricating emitter structures via
additive manufacturing we also opted to include an
electrode in the process. For this purpose, we
devolved a modular electrode design, which can be
fited to our emitter structure. It is highly
customisable and self-aligning. Fig. 3 shows the
result of the design process. The image depicts an
integrated extraction electrode aligned to an emitter
structure. This design features a completely 3D
printed body and a metallised top layer. The body is
made up from three distinct sections. The bottom
section (visible in the lower third of Fig. 3) is the
connection ring. The connection ring’s function is to
connect the emitter structure to the electrode. There
are two alignment holes present in the ring, which fit
to the conical alignment pins printed on the emitter
array. Such a combination of alignment pin and
alignment hole can be seen in the centre of the
lower third of Fig. 3. The very tight tolerances of less
than 2 um ensure the alignment of the electrode to
the emitter structures, thus making the design
self-aligning. In the assembly process the user only
has to place the connector ring over the alignment
pins and gently push down. If done correctly the
electrode will fit itself to the emitter structure and
stay in place. By adding a small droplet of
two-component-epoxy glue the electrode can be
permanently fixated to the emitter structures.

The second part of the electrode body in the spacer
layer. The spacer layer consists of multiple pillars

Figure 4. Two microscope images side by side. The
images were taken at the same lateral sample position,
only at different focus planes. The left image is focused
on the electrode carrier and the extractor hole in it. The
right image is focused on the emitter structure placed
beneath the extractor hole. To better visualise the
alignment a blue and red crosshair is overlaid. The blue
circle is aligned to the extractor hole and the red circle to
the extraction structure. The cross hair indicates the
centre of the capillary of the emitter structure. This is an
example of the incredible alignment capabilities of the
electrode design.

which separate the bottom layer from the top layer.
There are six cylindrical pillars with a diameter of 50
pm to 300 um and a height of 300 um to 2500 um
depending on the user configuration. We opted for
round pillars instead of full walls to keep a high
visibility of the emitter structures. This allows for
in-situ observation of the emission behaviour. If
structural integrity is a concern, full walls are a better
option. However, the material is very resilient and
even these six small pillars already provide
significant mechanical stability.

The third and last part of the electrode body is the
top layer, the electrode carrier. This is the actual
part of the electrode which is electrically active. The
carrier is a thin plate of IP-Q material (~70 pum thick)
which features the extraction holes. The number
position and diameter of the extraction holes can be
adjusted to fit the emitter structures. In Fig. 3 the
carrier is the flat surface with a single extraction hole
in the centre in the middle of the image. Since IP-Q
is a polymer and nonconductive, a thin metal layer
has to be deposited onto the carrier to give it its
electrode capabilities. The deposition is done by a
thermal evaporation process. A corresponding
device heats a small sample of metal inside a
vacuum chamber up to its evaporation temperature.
The hot metal defines a point source. The
evaporating metal expands outwards, forming a
cloud of metal “gas”. The metal “gas” condensates
on any surface, thus forming a thin film of metal on
surface inline of sight. By placing a sample relatively
far away (~0.5 m) from the evaporating metal, thin
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Figure 5. SEM image of the improved modular integrated
extraction electrode design. This design features two
separate pieces. The bottom part features an improved
connection plate and the six spacer pillars. The second
part is the carrier plate with the metal layer. In the image
the carrier plate is already connected to the bottom part.

uniform layers of the given metal can be
dispositioned precisely. Since the sample is far
away compared to the sample dimensions
(=3 mm x 3 mm) the trajectories of the incoming
metal atoms can be assumed to be parallel. This
leads to uniformly thick layers over the sample
surface. This method is very directional and only
coats the surfaces facing the metal source.
Therefore, only the top most layer is coated with
metal, which reduces the chance of short circuits
occurring between the electrode and the emitter
structures.

We typically metallise the carrier with 100 nm of
gold. A metal layer of 100 nm is enough to form a
continuous conductive layer. Due to the nature of
the metallisation process only very little material is
needed and multiple electrodes can be prepared
simultaneously, making the process highly efficient.
We chose gold as carrier material, as it is highly
electrically conductive and chemically inert.
However, copper, silver and other metals are also
viable as substitute for gold. Fig. 4 shows the
alignment capabilities of the electrode design. In the
image the position of the extractor hole and the
emitter structure are compared. The green dot in the
middle the cross hair represents the centre of the
capillary of the emitter. The dot has only a slight
deviation from the centre point of the blue circle,
which marks up the extractor hole. The deviation
can be estimated to be less than 10 um. These
results were reproduced over multiple samples and
are reliable. To connect the electrode to the thruster
assembly e.g. to a power supply or a ground
connection, a thin wire can be bonded to the metal
layer with a ball bonder or by conductive silver
paste.

We tested the design with multiple emitters
structures. The electrical fields extended from the
electrode seem to be strong and provide stable
conditions for the extraction of ions. We were able
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Figure 6. SEM image of the electrode carrier. This part is
metallised and functions as extraction grid. The seven
holes in the centre are the extractor holes and the
smaller holes around are the connection points to the
bottom part. At the outer edges there are two holes for
wires.

to observe extraction in droplet mode as well as the
formation of a Tayler cone in several occasions [12].
Even with all its advantages over a manually placed
electrode, its remarkable mechanical stability and
easy application, this design still has some
drawbacks that need to be addressed.

First and foremost, the unmetallised bottom surface
of the carrier layer is an issue. The pure polymer
surface does not conduct ions or current, thus acts
as a charge trap. lons extracted from the emitter
structure which do not pass through the extractor
hole will hit this polymer surface and may stick to it.
In the long term a charge up of the layer will occur
and distort the applied electrical fields, hindering
further extraction or even rendering it impossible.
Another challenge with this design is the connection
the external electronic system. Bonding to the
surface is possible, but challenging. This method
also has a chance to destroy the metal layer by
ripping it free from the carrier or the mechanical
break the electrode body. A different connection
method is necessary to ensure reliable wire
connections.

2.4. Improving the electrode design

To overcome the challenges of our design we made
multiple improvements. The improved design is
shown in Fig. 5.

The first change we made to the design is the
separation of the electrode carrier from the rest of
the body. This is shown in Fig. 6. This separation
allows for the metallisation of the electrode carrier
as a separate part. This has multiple advantages. It
makes the separate parts easier to print and allows
to prefabricate carriers on mass with different metal
coatings. However, the major benefit of separating
the carrier from the body is the possibility to flip the
carrier, that the metal surface now points towards
the emitter structures. This completely eliminates
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Figure 7. SEM image of the of the top of one pillar. The
pillars feature a “click” connection pin. The pin holds the

carrier in place once connected and ensures the correct
alignment of the electrode carrier to the bottom part.

the charge up challenge and allows any intercepted
charge to neutralise to ground. It is also now
possible to completely coat the carrier on all
surfaces with a metal layer if a need for more
conductivity arises. We also added two connection
holes for wires to the outside of the carrier. These
holes allow wires to be pushed through and to be
secured with a small droplet of conductive silver. It
is a far safer and easier method of connecting a wire
to the electrode compared to the previously used
approach. The position of the hole also makes the
wire far less intrusive to the whole system.

With the separation of the carrier from the spacer
layer, a way to reconnect both was needed. The
connection has to be stable, self-aligning and
should not impede the functionality of the carrier or
the electrode as a whole. For those reasons a
manual alignment with gluing it down under a
microscope was rejected. The solution was to use
the advance 3D printing capabilities of the
NanoScribe system. Based on mechanical “click”
connection commonly used in automotive industries
we designed a “click” pin connection. The “male” pin
part of the connection is shown in Fig. 7 and the
“female” receiving holes are visible in Fig. 6. These
are the six small holes surrounding the extractor
holes. The pins feature a cylindrical shaft at the
bottom section and expand conically around the half
way point. After reaching a maximum circumference
they conically reduce their diameter. The holes in
the carrier have an about 10 um larger diameter
than the cylindrical portion of the pin, but the hole is
about 10 um smaller than the maximum diameter of
the conical pin section. Normally the hole should not
be able to fit over the pin, however due to the conical
shape at the top of the pin the carrier “slips” over the
top part of it and is able to compress the pin inwards.
This reduces the diameter of the pin and the hole
can fit over the pin. After the hole passes the largest
part of the conical portion of the pin, the pin is
pushed back outward from the tension of the
material. This secures the carrier in place.
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Figure 8. SEM image giving a top view of one connection
pin and a connection port of the electrode carrier. The
self-alignment properties of the pin system are
showcased. The pin tensions the port hole in such a way
that is centred around the conical pin.

Furthermore, the conical shape serves as a self-
aligning feature. The tension forces on the pin force
the electrode carrier down on the pillar. These
forces centre the hole to the pin as can be observed
in Fig. 8. We estimate from SEM observations like
Fig. 8 that the alignment deviation is less than 5 um.
With six pins each centring the carrier, it is aligned
to the spacer with very high precision. The
connection can be seen in Fig. 5. Although the
“click” connection is strong enough to hold the
electrode carrier in place against vibrations and
movement, it is recommended to permanently lock
the electrode carrier in place with small droplets of
glue onto the connection pins.

A second change was to redesign the connection
plate. The new plate is more sturdy and is placed
further away from the emitter structures. These
modifications are mostly superficial and do not
impact the functionally significantly, but the
improved stability is beneficial to the whole design.

3. EMISSION EXPERIMENTS

To verify the performance of the newly developed
electrode, we tested it in conjunction with several of
our emitter structures. All experiments were carried
out in our testing set-up which we described in detalil
in our previous work [12]. The current design
features two optical observing cameras which allow
to capture footage of individual emitter structures
during operation as well all the other capabilities the
set-up had before (time of flight, controlled
propellant feeding, flowrate analysis, current
measurements).

The feeding system also was moved completely into
the vacuum chamber to stop any contamination of
the ionic liquid by gases. For the experiments
presented here EMIM-Im was used. We previously
mostly utilised EMIM-BF4, but the fluids’ habit to
form foam and bubbles were a hindrance for the
experiments. Therefore, we switched to EMIM-Im,
which exhibits a lower surface energy and is in our
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Figure 9. Plotted extraction data from an externally wetted emitter design fitted with a first-generation modular integrated
extraction electrode. The data is a selection of 40 seconds of data 45 seconds after the start of the test. On the x-axis the
elapsed time is plotted. On the left y-axis (black) the measured extraction current which reached the collector plate is
shown. The right y-axis (red) shows the applied extraction voltage between the fluid and the electrode. In the data a clear
trend is visible, with rising extraction voltage the extracted current also rises. At around 70 seconds an arcing event
occurred, removing a lot of fluid from the emitter structure, thus lowering the current back down until the fluid refilled the

expanded volume.

experience less prone to generating bubbles.

With the new extraction electrode, we could reliably
extract ions from our emitter structures. The
external emitters show the most promise in this
regard. Fig. 9 presents a plot of one extraction
experiments conducted with an external emitter
structure and the new integrated extraction
electrode. The emitter structure features seven
individual emitters each having its own extractor
hole in the electrode.

On the x-axis the elapsed time is plotted, on the left
y-axis the measured ion current at the detector is
plotted and on the right (red) y-axis the applied
extraction voltage to the ionic liquid is plotted. The
data presented here comprises a 40 second time
frame, which starts 45 seconds after beginning of
the experiment. An extraction current starting at
100 nA rising up to 500-600 nA was achieved. Also
the extraction current rises alongside the increase
in extraction voltage giving it a clear trend. From our
optical observation we conclude that not all of the
seven emitter structures were involved in the
emission and therefore, cannot give an exact value
for the current per emitter.

While these are very promising results so far, there
are still some challenges that need to be addressed
in the future. At the 70 second mark a sharp
increase in extraction current can be observed. The
maximum reaches about 9000 nA which is far
outside the range plotted. This is assumed to be an
arcing event. In the video file a bright “flash” can be
seen at this moment in time. We assume a large
droplet was vaporised by the electrical field and
formed a short circuit between the emitters and the
electrode. Such events have great destruction

potential and are harmful for the metal layer of the
electrode. One way to address this challenge could
be to change the geometry of the emitter-electrode
assembly, thus reducing the possibility of arcing
events. Further investigations are being made on
which factors influence and cause arcing for our
design. Another challenge we are facing is the
unstable and erratic extraction. This prevents us
from conducting time of flight experiments.
Therefore, we cannot estimate the ion energies and
the specific impulse for our design yet.

4. CONCLUSION AND OUTLOOK

We presented a newly developed integrated
extraction electrode design for electrospray
emitters. The electrode is manufactured exclusively
by additive manufacturing and is highly modular and
adaptive. The design we first introduced as a proof
of concept was improved and developed into a
stable part of our emitter assemblies. The improved
design features a removable electrode carrier,
which can be coated with a wide variety of metals
and other materials, self-aligning features for the
body part as well as the electrode carrier and our
newly devolved fast “click” connection system to
install the electrode carrier. The alignment deviation
of electrode and emitter structure was measured to
be less than 5 pm and could be achieved reliably,
making its far easier to align and safer to install than
conventional electrodes.

We also presented extraction data obtained from
electrospray emitters using our new electrode
design, verifying its functionally and usability. The
experimental results are very promising and imply



that with the use of the integrated electrode emitter
assembly the emitter assembly can be miniaturised
very effectively.

In the future we will further improve the design using
a simulation to calculate the most fitting
configuration of electrode carrier and the emitter
structure. Such a simulation of the field distribution
and fluidic is currently in development. In addition,
we want to experiment with surface coatings of the
emitters to improve the wettability and electrical
conductivity to change the field distribution between
electrode and emitter structure. With these
improvements we hope to stabilise the emission
and conduct time of flight experiments.
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3.6 Publication VI: IEPC 2024

This publication represents a significant achievement, arguably more pivotal than
previous works in the field. A functional thruster assembly was successfully tested
using a modular extraction electrode. A Taylor-Cone was verified through optical
observations and the acquisition of video material that documented the emission
process. The emission was reproducible, which represents a significant advance-
ment. A series of designs were identified that demonstrate the potential for viabil-
ity as an electric propulsion system. Further optimisations may be identified that
could enhance the emission behaviour. However, a fully 3D-printed electrospray
emitter based on polymers has been successfully tested. Based on this publica-
tion, the technology has been demonstrated in a laboratory environment, thereby
raising its technology readiness level. Additional research may be conducted to
improve upon the insights gained, using the results from this publication.

F. Kunze wrote the first draft of the manuscript. The manuscript underwent
revision by all of the contributing authors. The experiments and data acquisition
were conducted by F. Kunze and P. Carballeira. Furthermore, P. Klar and T.
Henning provided supervisory and project management oversight.
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I. Introduction

With the recent development in the space sector an exponential increase in micro and small satellites launched
can be observed. Constellations, earth observation and telecommunication missions in the low earth orbit
are some of the most prominent application of such small satellites.! With the increased traffic, propulsion
capabilities become a necessity for formation flight, collision avoidance and end-of-life de-orbiting. However,
most small satellites and cubesats cannot be fitted with a propulsion system due to weight, space, and power
constrains. Thus, micro propulsion systems have gathered a lot of attention from various sides.

Electrospray thrusters are an interesting choice for micro propulsion applications.? They can be minia-
turised to an extreme degree, offer precise thrust and impulse control, require very low power, and can
be operated without a neutraliser. These characteristics make them very promising for cubesat missions,
constellation flight and precision manoeuvring.

Electrospray thrusters generate thrust by using a static electric field to extract and accelerate ions or
droplets from a liquid propellant.? The electric field shapes the fluid into a cone known as a Taylor-cone as the
field strength increases.* At the apex of the Taylor-cone, the electric field density becomes sufficient to draw
ions or droplets from the propellant and to accelerate them along the electric field direction. For effective
operation, the fluid must be either conductive or have a polar component like water.? Common propellants
for electrospray thrusters include liquid metals or ionic liquids.®”” Liquid metals need to be heated to their
melting point before use, with indium being a common choice due to its relatively low melting point of
150 °C. In contrast, ionic liquids remain liquid below room temperature and have minimal vapour pressure,
making them stable in vacuum conditions. Ionic liquids are liquid salts and are composed solely of ions,
which ensures high electrical conductivity, thus, making them ideal propellants for electrospray thrusters.® 8
Additionally, ionic liquids allow the extraction of both positive and negative ion species, eliminating the need
for an external neutraliser.

An electrospray thruster typically consists of three main components: the propellant intake, the emitter
structure, and the extraction electrode. The propellant intake, which can be a tubing system in actively fed
thrusters or a reservoir in passively fed systems, supplies the necessary propellant to the emitter structure.
Once the fluid reaches the emitter structure, it is subjected to an electric field, enabling ion extraction.
There are three types of emitter structures, each differing in how they supply propellant to the emission
sites: porous emitters, externally wetted emitters, and capillary emitters.” Each type presents its own
unique challenges, though the fundamental operating principle remains the same. Figure 1 shows schematic
drawings of the different emitter types in operation. The last part of an electrospray thruster assembly is
the electrode. It is necessary to shape and apply the electrical field, which extracts and accelerates the
ions. Typically a ring-shaped or grid-like electrodes are used. Such electrodes are placed above the emitter
structures and are aligned to a cluster of emitters or single emitters.'°

Figure 1. Schematic drawing of the three types of emitter structures. From the left, externally wetted
emitters, internally wetted capillary emitters, and porous emitters. The scheme shows the different ways
liquid propellant moves to the emitter tip, where it is extracted as a spray of ions or droplets. The structural
parts of the emitters are shown in grey, the liquid propellant as light blue, the extraction electrode as dark
grey and the ion spray as light grey.
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With the miniaturisation of the thruster assembly a set of challenges have to be overcome. The fabrication
of miniaturised parts, fluid systems and emitter structures has to be realised. With the shrinking dimensions
of the emitter structures, alignment of the electrode to individual emitters has to be more and more precise.
The assembly of the thruster head becomes more challenging using the very small parts.

Our approach to take on these challenges stemming from the miniaturisation is the application of high
precision additive manufacturing. By using additive manufacturing, it is possible to fabricate micro-fluid
systems, emitter structures, micro-connectors for the thruster assembly and more, thus, overcoming multiple
challenges posed by the miniaturisation. Our choice of manufacturing method is the two-photon laser-
lithography, also called 3D mirco-lithography. Using 3D lithography, we are capable of manufacturing
strictures as small as 100nm in lateral dimensions, making it a good choice for the fabrication of micro-
fluid systems. This manufacturing method also inherits most of the advantages associated with classical 3D
printing, like the fabrication of hollow, undercut and free floating structures. This opens up the possible
design parameters for the emitter structures and the whole thruster assembly.

II. Fabrication and sample preparation

A. Additive manufacturing by two photon lithography

Two-photon lithography or 3D lithography is a micro 3D printing technique closely related to the planar
stereo-lithography process in microchip fabrication. Photo lithography in general centred around the photo-
chemical interaction of light with a photo resin. By exposing the photo sensitive material to a sufficiently
energetic light, typically UV light, a photon is absorbed and the chemical reaction is started.'>!2 The whole
process involves multiple steps and transfers a pattern or structure to a substrate. There are two types of
photo resits, negative and positive resists. Negative resists harden under the influence of light, while positive
resists become more solvable. For additive manufacturing, negative tone resists are used.!! 13

The primary difference between classical stereo lithography and 3D lithography is the light source. Com-
pared to the UV light used by stereo lithography two-photon lithography utilises a near infra-red laser.
The infra-red light passes through the photo-sensitive material without triggering a photo-chemical reaction,
as the energy of a single photon is too small. However, by focussing the near infra-red laser through a
microscope objective, a small volume of extreme light intensity is generated around the focal point of the
optics. In this small volume, also called voxel or volumetric pixel, near the focal point the light intensity
is sufficiently high to trigger two-photon absorption processes. Two near infra-red photons carry about the
same energy as as single UV photon, thus are able to trigger a photo-chemical reaction.!':'? By scanning
the voxel along a predefined path by either moving the substrate via a stage or by changing the laser path
via movable mirrors, any 3D structure can be printed into the material.

Figure 2. Images of four different emitter structures fabricated by 3D lithography. From left to right a) a
capillary-type emitter with a spiral capillary printed in IP-Q, b) a multi-tip externally wetted emitter printed
in IP-Q, c) a capillary-type emitter with a very thin 10 pm diameter capillary printed in IPx-Q and d) a
internally wetted emitter featuring a large diverging nozzle with a diameter of 300pm at the tip also printed
in IPx-Q.
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Figure 3. Images taken under an optical microscope showing the electrode assembly in a) top view and b)
side view. In the top view a) one large extractor hole is visible with a single emitter below the extractor.
The emitter is out of focus. Additionally, five of six connector holes which connect the electrode carrier to
the ”click-connectors” on the lower part as well as one of the two wire holes can be seen. The side facing of
the electrode carrier facing the emitter structure is metallised with gold, giving the electrode a reddish-golden
colour. In side view b), the spacer part of the electrode with the pillars and arches can be seen. The carrier,
which rest ion the top of the arches and is hold in place by the ”click connectors” placed on top of the pillars,
is connected to the spacer. The assembly of carrier and spacer is fastened by additional ”click connectors” to
the top of the emitter plate. The entire assembly is glued to the propellant reservoir propellant reservoir.

Depending on the optics of the 3D lithography system the voxel size varies, which in turn changes the
possible printing resolution. In our clean room, we have a NanoScribe PPTG+ system. In high precision
mode, the device is capable of reaching a feature resolution better than 100 nm in lateral dimensions. With
this device available to us we can manufacture high-precision electrospray emitters and peripheral parts for
the thruster assembly. We have shown in our previous work, that we are able to manufacture capillary-
type electrospray emitters with a capillary diameter of 10 pm and a capillary length of more than 200 pm.*
Furthermore, since we benefit from the freedom of design, we can manufacture emitter geometries that are
impossible to fabricate with subtractive or less precise methods. As an example, we manufactured emitter
geometries with a spiral capillary and emitters with a free floating ball inside to regulate the propellant flow.
Furthermore, pseudo-porously structured material and externally wetted emitters can be manufactured.
Figure 2 shows some examples of fabricated emitters, featuring a spiral capillary, a thin long capillary and
the the aforementioned ’ball-valve’ emitter.

B. Integrated electrode and emitter assembly

Besides emitter structures, we can also manufacture peripheral parts like the extraction electrode for the
thruster assembly. By 3D printing the extraction electrode, we can utilise the precision of the printing
process to guarantee the alignment of emitter structure and extractor hole. This also allows us to manufacture
customised electrodes specially adapted for our emitters. Our current electrode design went through multiple
iterations and improvements and is made up from two parts. Figure3 shows our current design of the
electrode assembly.

The first part is the electrode carrier, which is the electrically active part of the electrode assembly. It is
a 200 pm thick plate with the extractor holes. The number, size, and position of the holes can be adjusted
freely and offers great flexibility. While the plate is made from a polymer and is, thus, non-conductive, a
thin metal layer is depositioned using a thermal evaporation device. A wide variety of metals are available
for coating and we opt for either gold or silver, due to their high conductivity and easy handling during
deposition. Additionally, the carrier plate features six very small connector holes and two larger contact
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holes. The contact holes can fit a thin wire which than connects the metal plating to an electrical contact.
With the six connector holes the carrier is later friction fitted to the second part of the electrode, the spacer.
The spacer, as the name implies, is used to generate the desired spacing between the emitter structures and
the electrode carrier. It can be split in three levels. On the first level a thin ring plate with two alignment
holes is present. This ring later sits on the emitter surface and physically connects the electrode assembly
to the emitter structures via the alignment holes. The second level is made up from six round pillars. These
pillars determine the distance of the electrode carrier from the emitter structure. The height of the pillars
can be changed depending on the use case and is freely adjustable. On the last level of the spacer, arches
connect the pillars and stabilise the structure. Placed onto the arches are six ”click-connectors”. These
”click-connectors” fit into the six small holes on the electrode carrier and allow it to be fitted onto the
spacer. Using this kind of connecting method, the electrode can be assembled completely without glue or
other adhesives. It can hold together even under mechanical stress just due to the tight tolerances and the
design of the connectors. While the connectors can withstand a quite surprising amount of force before
disconnecting, they can still be carefully dislodged and the electrode can be disassembled without damaging
any parts. With this design we have a very flexible part available for our emitter structures and we can
adopt our thruster design on the requirements.

III. Experimental methods

A. Experimental set-up

We use our electrospray characterisation set-up 'ELEKTRA’ at the JLU Giessen for the characterisation
of the manufactured samples. Figure 4 shows a simplified schematic drawing of the set-up. The set-up
features two identical cubic vacuum chambers connected via a plate valve. Each chamber is fitted with a
turbo molecular pump and a roughing pump, which let the chambers reach a background pressure as low as
5x10~8 mbar.

In the first chamber the fluid assembly, the propellant feeding system, DC current collectors and connec-
tors for the voltage supplies are present. The fluid assembly and propellant feeding system consist of a high
precision syringe pump and a fused silica capillary tubing system. Threaded fittings connect the emitter
assembly to the tubing system. Depending on the syringe used, the feeding rate can be set in the nano litre
per minute range, thus allowing very fine control over the propellant flow. In the first chamber a collector
plate is placed in the beam path of the emitters, which collects all extracted ions. The emission current can
be measured using amplifier electronics in conjunction with the collector plate. A window on one side of
the chamber grants optical access to the interior of the chamber. In-situ footage of individual emitters is
captured by a camera with microscope optics placed in front of the window.
.vacuum chamber =~~~ T collector plate *

integrated
PEEK extraction

data acquisition
! (multimeter, oscilloscope,
amplifier electronics)

electrospray

[

emitter | o electrode
T holder |3 o—
HV :L: S —
fused silica steel 5 B
— capillar capillar = -
high voltage piilary piary
supply —

emitter structure

ion gate and MCP

o
!

camera with
microscope
optics

syringe pump

d
' . .
vacuum * L1 high precision
'
.

Figure 4. Simplified schematic drawing of the ’'ELEKTRA’ testing facility at the JLU Giessen. The facility is
used to test and characterise electrospray emitters. The set-up features a controllable high precision propellant
feeding system, DC measurement with the necessary electronics, an optical camera or in-situ video capture
and a time-of-flight MCP mass spectrometer.
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The second chamber houses a multi channel plate (MCP) delay-line mass spectrometer. This advanced
detector system is capable of detecting individual ions and their lateral impact position on the MCP. Using
this set-up in combination with an pulsed ion gate, time of flight and beam postilion data can be obtained,
which makes it possible to calculate the I, and the beam divergence angle of a given thruster. More
information about the experimental set-up can be found in our previous work.4-16

B. In-situ optical characterisation

To gain more insight into the emission behaviour besides the DC measurements, optical observations offer a
significant advantage in identifying characteristics of the emitter structures used. By observing the emitter
structures directly, we gain information about the emission process and to some degree can identify the
emission mode. Additionally, we can correlate the images from the optical observation with the results of
the simultaneously conducted DC measurements and thus gain even more information about the emission.
By using a live video feed it is also possible to adjust the emission parameters like extraction voltage and
feeding rate according to the situation observed. Furthermore, the video helps to find the cause of arcing,
which is one of the major causes of failure for electrospray thrusters. The video data allows reviewing
previous tests and analysing challenges and potential problems for each design tested. Based on the findings
we can identify the influence of the emitter geometry on the emission behaviour and further refine or rethink
our approach on emitter geometries.

For our optical observation, we use a ’'Pixelink’ grey scale camera. An adjustable focus tube connects the
camera with a 10x microscope objective with an long focal length. Via the adjustable focus the magnification
of the image can be adjusted, which makes it possible to zoom in on either an individual emitter or capture
an overview of multiple emitters.

IV. Experimental results

We selected various characteristics we want to examine ion the context of performance tests. The selected
parameters may differ from conventionally selected ones, but are essential for this step in the development of
our electrospray thruster. We examine the stability of emission, propellant flow behaviour, emission current,
and necessary extraction voltage. Since we work with a wide range of geometries for our emitter structures,
including externally wetted, porous emitters and capillary type emitters, we focus on identifying the influence
of the emitter geometry on the emission. Furthermore, we developed our integrated extraction electrode and
want to characterise how different electrode geometries change the emission dynamics of the emitters. We
want to categorize and identify geometries that work best, before optimising the thruster for usage. To gain
such insight we use the 'ELEKTRA’ facility and focus on optical and emission current data for the moment.
In this regard no time-of-flight experiments were carried out yet, but we will further characterise promising
emitter geometries using time-of-flight experiments in the future.
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Figure 5. Extraction data collected from a cluster of seven externally wetted emitters. The emitter design
features a fluid retention ring around each emitter, a propellant supply capillary for each emitter and emitter
shaped similar to the one shown in Fig. 2 b) . For this experiment the active feeding system of the ’ELEKTRA’
facility with EMIM-Im as propellant was used. The graph shows the measured current collected at the collector
plate and applied extraction voltage against the time.
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Figure 6. Extraction data collected from a single pseudo-porous emitter structure. The pseudo-porous emitter
is made up from about 30 interconnected square capillaries with a side length of 10 pm. The capillaries form
a mesh like structure mimicking a porous material without any randomness. For this experiment the active
feeding system of the ’ELEKTRA’ facility with EMIM-Im as propellant was used. The graph shows the
measured current collected at the collector plate and applied extraction voltage against the time.

A. Externally wetted emitter

The first results we want to present are from an externally wetted emitter. The emitter design used in this
experiment features a shape similar to the emitter shown in Fig. 2, but with only one cone structure instead
of a crown configuration. The design has a fluid retention, so the propellant is contained in the area close
to the emitter. Propellant is supplied via four small feeding capillaries, connecting the base of the emitter
to a reservoir beneath it. A cluster of seven identical emitters is placed in an equidistant formation on the
surface. For this experiment, we used our integrated extraction electrode with seven extractor holes, each
aligned to one emitter. As propellant we used EMIM-Im, which was supplied to the emitters by the active
feeding system of the 'ELEKTRA’ facility. We measured the extracted current at the collector plate and the
applied extraction voltage over time. The results are shown in Fig.5. During the experiment the emitters
were first primed with propellant. A fixed amount of liquid was pumped into the reservoir and the emitters.
In the video feed it was confirmed that the liquid was confined by the retention ring. Afterwards a voltage
was applied to the ionic liquid. As seen in Fig.5, at a voltage of about 200V the first ions were extracted
around the 45 second mark. The current increased with the applied voltage. At the 68 second mark an arcing
event occurred, resulting in a very high peak of extracted current. The extraction stabilised afterwards and
resumed the trend from before till the 88 second mark. At this point multiple arcing events occurred and
stopped the controlled emission.

B. Pseudo-porous emitter

The second result we want to share is obtained from from a pseudo-porous emitter. What we call a pseudo-
porous emitter is a structured material that features multiple interconnected capillaries forming a porous-like
super structure. In our design we used square capillaries with a 10 pm side length, which resulted in a 'waffle’
like emitter appearance. Each capillaries had a length of 200 pm and the emitter featured more than 30 of
these interconnected capillaries. Again we used an integrated electrode with a single extractor hole aligned
to the emitter. Similar to the experiment presented above we used the EMIM-Im and the active feeding
system of our testing set-up. For this experiment the voltage was applied before the fluid was pumped into
the emitter. We opted for a fluid based start-up since we wanted to discourage overspilling. The obtained
results can be seen in Fig.6. In the figure the graph shows the collected current an applied high voltage
over time. The first ions were registered around the 2680 second mark. A long wind-up time resulted
from the fluid based start-up, because the fluid first needed to penetrate the porous like structure. This
could be observed in the camera feed. In the graph the current is cut-off at the -10000 nA level in multiple
segments. The extracted current was so high in these segments, that it overflowed the measurement range
of the amplifier electronics resulting in the cut-off data. The real extraction current was higher than what
was measured, but we cannot make any assumption about its real value at these points.
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Figure 7. A series of four images extracted from a live video capture of a single capillary type emitter. In all
four images the same emitter is shown at different times of the experiment. Starting from the left the emitter
at the beginning of the experiment is visible. The capillary is empty and no voltage was applied. In the second
image a low voltage was applied to the ionic liquid. The liquid is pulled into the emitter and fills it up to the
top. In the third image a voltage of about 1500V was applied. At the tip of the emitter a fluid meniscus can
be observed, In the last image the a Taylor-cone is clearly visible at the emitter tip. A voltage of 2200V was
applied to the liquid for the Taylor-cone to from.

C. Capillary-type emitter

The third and last results we want to share is a data set consisting of four images extracted from the camera
feed and the correlating measured data. The data is from a capillary-type emitter with a diverging nozzle.
Figure2 d) shows the emitter. The nozzle diameter increases from 60 pm capillary at the feeding capillary
to a 300 pm diameter at the tip. For this experiment we used a passive feeding system. EMIM-Im was pre
filled into a reservoir below the emitter structure, which was open on one side exposing the ionic liquid to
thev acuum conditions of the test chamber.

—_—n - s e 200
< 300 — - >
< i - 2200 £
= 250 — L 5
=2 8 - 2100 %
£ 200 1 I 3
£ . L 2000 £
3 150 L S
3 100 1900 §
S i L 3
- ©
= 50 — — 1800 £
&) - ] - i
0
e 1700
400 425 450 475 500 525 550 575 600 625 650 675 700 725 750
Timeins
2100
-_———
>
£ 300 L z
< 250 | L h_/—v | - 2050 %
£ 200 - S
g i 2000 £
3 150 I 3
B 100 F
S i - 1950 3
= ©
3 50 | =
o . fi
0 —
T S R 1900
650 660 670 680 690 700 710 720 730 740 750
Timeins

Figure 8. Extraction data collected from a capillary type emitter with a diverging nozzle. The nozzle diameter
increases from 60 pm to 300 pm. For this experiment, a passive propellant feeding system without flow control
was used. The propellant was the ionic liquid EMIM-Im. The graph at the top shows the measured current
collected at the collector plate and applied extraction voltage against the time. The graph at the bottom shows
a selection of the same data at a smaller time scale.On the shorter time scale, the extraction trend becomes
visible.
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A thin stainless steel wire was dipped into the fluid resting in the reservoir and connects it to the negative
HV power supply. This emitter was also fitted with an integrated extraction electrode. Via the camera live
view we were able to capture relevant optical data. We could identify significant steps during the emitter
start-up. At the start the emitter was completely empty, since no fluid was pushed into it during assembly
and fuelling. This is shown by Fig.7 a). For the first start-up we raised the extraction voltage from 0V
linearly to 2000V with a rate of 10 % At about 500V we could observe the fluid being pulled from the
reservoir below into the capillary. The fluid rose up to the tip where it stopped by itself, visible in Fig. 7 b).
With further rising voltage, the fluid was pulled into a meniscus over the emitter tip as shown in Fig. 7 ¢).
After reaching 1900 V, the meniscus periodically transformed into a Taylor-cone and started emitting ions.
Such a Taylor-cone is presented in Fig.7 d). In the video the Taylor-cone was stable for a few seconds and
than collapsed back to the meniscus. It than reformed after a short time, repeating the cycle again. With
higher voltage, the emission became more stable and the intervals between cone formation decreased. This
can also be seen in the collected current data in Fig.8. The top graph shows an overview of the start-up
process beginning with the first observed Taylor-cone The second graph at the bottom of the figure shows a
magnified section of the later time span of the experiment. From the data the formation of the Taylor-cones
and their decay can be observed. Also the trend of more stable emission with rising voltage is visible, as
the intervals between single emission events reduces and the cone stays stable for longer periods. This data
was obtained using a positive voltage supply. We repeated the experiments with negative extraction voltage
and a pulsed positive-negative voltage. For all cases we were able to reproduce the results. However, with
the pulsed voltage the results were far less stable and varied significantly with the applied voltage ratio.
Nevertheless, we were able to extract ions in both polarities.

V. Discussion of results

Based on our self-set standards regarding the performance of our emitters we can evaluate them. Starting
with the external emitters we can assess the stability of emission, propellant flow behaviour, emission current,
and necessary extraction voltage. From the data it is clear that the maximal emission current level is too low
for a seven emitter cluster. We suspect that not all of the emitters were evenly supplied with propellant and
therefore emitted ions at different rates. We reached about 250 nA at an extraction voltage for about 500 V.
The ratio of extracted current to applied voltage is quite promising. If the trend visible in the data can
be continued by improving the fluid distribution and emitter geometry, these 3D micro printed externally
wetted emitters may perform similar to conventionally fabricated externally wetted emitters. However, in
the data multiple arcing events can be seen. At the end, near 2000V of extraction voltage, the emission
resulted in such heavy arcing, that the emitter structures were destroyed. To make use of the promising
trend in extraction current we need to address the arcing challenge. On way to achieve this is to change the
geometry or propellant distribution of the emitters as well as the electrode shape. Further experiments need
to be conducted to come to a conclusion, but so far the results are encouraging.

Out of the three emitter types we explored emitters the pseudo-porous material the least. The idea of
fabricating a structured material mimicking porous emitters is quite new, due to the challenging fabrication
process. From what we observed in our experiments the material behaves differently compared to ”natural”
porous materials. This makes sense, as the fabricated material lacks any kind of randomness. Amongst the
emitters tested, the pseudo porous emitter has the highest emission current per emitter. A single emitter
was able to emit more than 10.000 nA of current. The real peak current is unknown as the emitted current
went over the measurement range. The emitter design here has a footprint of 3.8 - 108 m? resulting in a
theoretical current emission per area of more than 250 % However, the data reveals also that the emission
was extremely unstable, lasting only about 20s. The emitter also needed significant higher operation voltages
compared to the other emitters tested. Higher voltages showed in our experiments a trend to more and heavier
arcing. A lot more results are needed to come to a conclusion regarding this emitter geometry.

The most stable and predicable emission was shown by the capillary emitter. We could repetitively start
and stop the extraction in both polarities. The emission current profile was very consistent averaging to
about 200nA for a single emitter. This emission current translates to a current emission per area of about
2.8 % While the emitted current is significantly lower than that of the porous emitter we tested, the
emission was very stable. We did not observe any arcing during operation. Furthermore, no active feeding
was required making it the simplest of the three designs. During the experiment the liquid did not overspill
at all and was well contained by the emitter tip. The geometry is very promising and is a good candidate
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for further development.

VI. Conclusion and outlook

The results we have presented in this paper show that there is a lot of potential in additively manufactured
electrospray emitters. The freedom of design offered by the 3D lithography emitter geometries enables us to
prepare designs previously impossible to manufacture. This technique is applicable to all three emitter types
making it very versatile. Additionally peripheral parts like the extraction electrode can also be manufactured
as well. In combination very fine tuned and precise thruster assemblies can be made. We have presented
images of such emitter parts and an integrated extraction electrode. The assembled thruster heads were tested
in out electrospray test facility 'TELEKTRA’ at the JLU Giessen. Data for one emitter of every category,
externally wetted emitter, capillary-type emitter and pseudo-porous emitter, was presented proving the
feasibility of our manufacturing method. The data shows promising trends especially for externally wetted
and capillary type emitters. A stable emission in both polarities as well as in pulsed mode was achieved
with a capillary type emitter. Emission for both pseudo-porous and externally wetted emitters was possible
as well, however, less stable.

In our future work, we want to focus more on improving the designs presented here. With improving the
structured materials new possibilities may arise further helping to advance the emitters and their emission
behaviour. Additional we want to characterise the existing emitters in more detail using our time-of-flight
set-up to determine the specific impulse and emission mode. We also need to measure the intercepted current
at our electrode and adjust the extractor design to minimise any ion impacts on the electrode.
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Chapter 4

Discussion

The results achieved over the course of the project are, on the whole, highly sat-
isfactory. The initial objectives of the project were achieved, and a laboratory
prototype of a micro 3D-printed electrospray emitter was subjected to a successful
series of tests (VI). However, this constitutes merely the inaugural phase of this
technology. There are, however, several challenges that remain to be addressed,
including the adaptation of an active feeding system for the 3D-printed capillary
emitters. Moreover, further experiments are required to investigate the impact of
geometry on emission behaviour.

During the course of the project, a number of unforeseen challenges had to be ad-
dressed, necessitating the implementation of alternative solutions. It was initially
assumed that the fabrication process would present the most significant challenge.
However, the fabrication process was found to be more straightforward to resolve
in comparison to the characterisation experiments (V[VI). The characterisation
experiments presented a significantly greater challenge due to unreliable data ac-
quisition and reproducibility issues. The high degree of miniaturisation introduced
an additional layer of complexity to the challenge (V). Furthermore, it was diffi-
cult to distinguish between successful and unsuccessful tests. It was exceedingly
difficult to reproduce the circumstances that led to a positive outcome ().

At the outset of the project, the primary objective was to adapt the findings of
the preceding project [8-10, [15]. This entailed the translation of the 2.5D capillary
emitter design to a comprehensive 3D-based fabrication process. The adaptation
process was successfully implemented; however, a direct continuation of the previ-
ous design was not feasible due to the limitations of the new fabrication method
(OII). This significantly reduced the potential insights that could be gained from
the previous results. The fabrication process utilising SU-8 polymer demonstrated
a relatively rapid and notable advancement in comparison to the previously em-
ployed 2.5D process, particularly in terms of design parameters ([-[[II).
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4. Discussion

Emitters with a capillary diameter of less than 10pm and a height of 200 pm
represent a notable advancement in microtechnology documented in the existing

literature [32}, 61] (-[II).

Although these results are noteworthy, it should be noted that SU-8 has not been
demonstrated to support structures exceeding 250 pm in height. This impeded the
advancement of the thruster system as a whole. Moreover, the extreme minia-
turisation also presented a challenge. The SU-8 emitter exhibited a tendency to
overflow during operation . In light of the findings from the preceding project,
it was initially hypothesised that an active feeding system would be necessary.
This hypothesis was also partially confirmed. The capillary tubes were found to
require a relatively high pressure to prime them with fluid, due to their small
diameter of 10 pm. However, once the capillary was filled, a steady flow was ob-
served, even with no or minimal input pressure. This results in overspilling .
A hypothesis that is currently being tested is that, contrary to the Law of Hagen-
Poiseuille, which predicts a reduction in flow rate with decreasing diameter, at this
micro scale capillary forces dominate the flow regime. The capillary forces continue
to pull fluid through even though the feeding mechanism is stopped. While this
hypothesis has yet to be confirmed and needs further verification, the observed
results align with those observed by other groups who have explored emitters as
small as these [32, |61].

In consideration of these findings, a decision was made to pursue a multifaceted ap-
proach to addressing this challenge. Firstly, the process of extreme miniaturisation
was halted in favour of adopting larger emitters with a capillary diameter of 60 pm
(IVHVI). Secondly, in order to address the issue of overspilling, a passive feeding
system was implemented . Larger emitters could be manufactured using IP-Q
resin, and a new large feature processing solution was introduced for use with the
3D lithography device (IVHVI). The capacity to manufacture structured elements
up to 10 mm in height has enabled the creation of new designs. The new emitter
designs retained the high aspect ratio capillary with an emitter height of up to
600 pm, while utilising larger capillary diameters . Therefore, this was not a
regression in fabrication capabilities. Furthermore, the possibility of integrating a
modular extractor electrode, which can be attached directly to the emitter struc-
ture, is also afforded. The fabrication of a fully 3D-printed extractor electrode at
this level of miniaturisation represents a novel approach within this technology.
No other devices comparable to this one could be found in the literature, which
marks this as noteworthy achievement .

With the adaptation of lager emitters and a passive feeding system, more reliable
and reproducible experiments could be conducted. Another major factor that im-
proved the advancement and troubleshooting was the implementation of a camera
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system that allowed to obverse the emitters during testing . The optical
feedback was essential in identifying the issue regarding the active feeding system.
The captured videos also allow to optical identify the emission modes of the emit-
ter to some degree, adding more insights to the experimental results.

Nevertheless, despite the favourable outcome of the project, there are still numer-
ous aspects that require further investigation. The most pressing requirement is to
ascertain the influence of the emitter geometry on the emission behaviour. An op-
timised geometry for emission is a prerequisite for future advancements into array
configurations. It has been demonstrated that single emitters are capable of emit-
ting up to 10 pA of current, which is a notable achievement . However, this is
not sufficient for a full thruster system. This necessitates the implementation of
an array-based approach in the future. Moreover, additional data on dual polarity
emission is necessary. While the emission in both polarities has been confirmed,
stable emission with switching polarities has not yet been achieved. This is also
essential for the implementation of this technology as a thruster system. Further-
more, the feeding system must be redesigned to support long-term testing. The
passive feeding system can only support a certain operation time; therefore, either
an advanced passive system must be implemented or the active feeding system
must be reimplemented.
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Chapter 5

Current status, trends and future
prospects

5.1 Status of the development

Significant advancements with promising novel results have been made since the
last publication included in chapter 3| of this thesis. The technology has demon-
strated considerable advancement over a relatively brief period of time, with results
that in quality surpass those presented so far in literature and define the current
state-of-the-art.

An additional series of experiments was conducted to investigate the influence of
the emitter geometry on the emission behaviour. The emitter design used for these
experimental series is based on the design presented in a conference publication
for the IEPC 2024, which can be found in chapter [3] The emitter assembly in-
cludes the integrated extraction electrode developed during this project, with the
specific design parameters used for this series shown in Fig. in the appendix.
The extraction electrode features an orifice diameter of 1715 pum at a distance of
700 pm from the emitter top corresponding to an opening half angle of roughly 50°
in the standard configuration. In excess of 50 individual emitters and a number of
emitter geometries have been characterised, yielding valuable insights and signifi-
cant results. Four distinct approaches to gain insight into the emission behaviour
were employed: (i) a systematic variation of the emitter orifice diameter, (ii) a
systematic variation of the inner capillary diameter, (iii) a variation of the spacing
between the emitter and the extraction electrode, and (iv) a study of a newly de-
veloped emitter design, which was based lessens learned during the experimental
series (i) to (iii).
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Figure 5.1: Data obtained on series (i) of emitters. Plotted is the start-up voltage against the
orifice diameter for 21 emitters. The dashed blue line marks the mean start-up voltage and the
blue shaded area the standard deviation. A schematic drawing of the emitter design used is shown
in Fig. in the appendiz. A systemic incrementation from 400um to 40um in 40um steps
was applied to the orifice diameter, and therefore also the orifice angle. All the other parameters
were unchanged. The emitters were characterised with a negative polarity extraction voltage with
a passive feeding system in the experimental set-up described in chapter @

Approach (i) focused on a systematic variation applied to the emitter orifice di-
ameter, reducing it from 400 pm to 40 pm in 40 pm increments. To keep the design
parameters as controlled as possible, only parameters in direct correlation with
the orifice diameter, like the orifice angle, were changed to acquire a consistent
emitter geometry. The technical drawing of the emitter geometry used is provided
in the Fig. in the appendix. In consideration of potential fabrication defects,
three sets of seven to ten emitters, with a total of 28 emitters, were characterised
of which 21 yielded usable results. The emitters exhibiting unusable results had
fabrication defects or did not show any emission.

The results obtained from this experimental campaign are shown in Fig.
Fig. and Fig.[5.3. The first important result is the reproducible and predicable
ion emission from the emitters. All tested emitters in this series were capable of
producing an extraction current. Furthermore, it was observed that the emission
behaviour exhibited a number of intriguing patterns, which offer significant po-
tential for further investigation and development. Firstly, the start-up voltage,
defined as the voltage at which a Taylor cone first forms and begins to emit ions,
appears to be relatively constant across all emitter orifice diameters for this emitter
geometry. With the exception of a few emitters, the start-up voltage was observed
to be approximately -2000V to -3000V in negative polarity. This can be seen
in Fig. 5.1l Most of the emitters are within the single standard deviation from
the mean start-up voltage of approximately -2600 V. The mean start-up voltage
is indicated by the blue line in Fig. and the standard deviation by the blue
shaded area. The observed exceptions, which are statistically outside the voltage
range, may be explained by either surface wetting or a difference in background
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Figure 5.2: Data obtained on series (i) of emitters. Plotted is the mazimum emission current
against the orifice diameter for 21 emitters. Emitters exhibiting single-cone emission are plotted
in the top graph and marked as green triangles. The other emission types are plotted in the graph
below and marked as red triangles. For the single-cone emission a steep increase in extraction
current can be observed around a orifice diameter of 240um. This sudden increase is marked in
the top graph by the blue area. The experimental set-up used is described in chapter @

pressure in the reservoir. It is hypothesised that the presence of gas within the
reservoir exerts a background pressure on the fluid, thereby influencing the equilib-
rium state and the formation of the Taylor cone. This may provide an explanation
for the lower start-up voltages observed in some emitters. One potential avenue
for testing this hypothesis would be to eliminate the possibility of trapped gas
in the reservoir by redesigning the shape of the propellant tank. A revised tank
geometry was devised in light of the observed issues, and further experimentation
is required to substantiate the hypothesis. The schematic drawing of the newly
developed reservoir is provided in Fig. in the appendix.

Another observation derived from the experiments is a potential correlation be-
tween the maximum emitted current and the diameter of the emitter orifice. As
shown in Fig. 5.2 at orifice diameters of about 200 pm to 250 pm the maximal ex-
tracted current shows a visible step, increasing from about 10 pA to about 75 pnA
for single-cone emission. Nevertheless, this rise in the maximum emission current
also leads to a decline in emission stability. As the orifice diameter increases, the
occurrence of multi-cone emission and arcing also rises. An example is provided in
Fig.|5.3, which depicts the distinction between single-cone emission and multi-cone
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500.00

Figure 5.8: Two images extracted from a live video captured during an experiment. Each image
depicts a single emitter, which is part of series (i) of samples designed to investigate the impact
of emitter geometry on emission behaviour. The emitter shown on the left features a capillary
opening of 240um at the summit and a diameter of 60pm within the emitter. The emitter is
operating in single-cone mode, with a very distinct Taylor cone visible at the emitter tip. The
emitter depicted in the right image displays the same emitter geometry, but with an opening of
360 um and a diameter of 60um within the emitter. As illustrated in the image, the emitter is
operating in multi-cone mode, characterised by the presence of three visible Taylor cones. The
Taylor cones are marked by red arrows in the image. It can be observed that the cones are
emitting to the sides.

emission. Multi-cone emission is less favourable as in this emission mode several
Taylor cones are dispersed on the emitter tip, as illustrated in the accompanying
image, and are moved to locations not on the symmetry axis of the emitter. The
emission from these cones typically hits the electrode or support structures, caus-
ing short circuits or arcing events. This significantly reduces the lifetime of the
emitter assembly.
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Figure 5.4: U-I plot, schematic drawing of the emitter and a single image extracted from the
video capture of the experiment. This data was acquired using an emitter of the experimental
series (ii). The emitter features an inner capillary diameter of 50 um and an orifice diameter of
150 um. The increased emission stability for these particular design parameters is supported by
the extracted video image and the shape of the U-I curve. The Taylor cone depicted in the image
shows mno tilt and is very symmetric, indicating a stable state. Similar, the U-I curve shows very
little disturbances for low values of the absolute extraction voltage down to -3700V.

The variation approach (ii) concentrated on the examination of geometric changes
pertaining to the inner capillary. In this experimental series, the same emitter
geometry as before was used, depicted in the schematic drawing in Fig. in the
appendix. However, in series (ii) the inner capillary diameter was systematically
reduced from 50 pm to 20 pm in 10 pm increments. The emitter orifice diameter
was fixed to 150 pm to achieve comparability between emitter sets. Three sets of 4
emitters, a total of 12 emitters, were fabricated and characterised. The intention
of this geometry variation was to explore the possibility of reducing the propellant
flow rate in line with the law of Hagen-Poiseuille and other literature discussed in
chapter [2]

This approach showed very promising results. Reducing the diameter of the capil-
lary within the emitter led to markedly different emission behaviour compared to
the emitters tested in approach (i). The reduction in diameter leads to emitters
operating in multi-cone mode at a weaker applied electrical field. This can be
explained by the anticipated reduction in flow rate. As a consequence there is not
enough fluid present at the emitter tip to consistently form a single large Taylor
cone. This is also supported by the video captured during the experiment, that
shows the emitter visibly emptying with increasing applied field strength. This
effect was most pronounced for the emitters with a capillary diameter of 20 pm to
30 pm, which reinforces the conclusion about the reduced flow rate. These results
confirm the possibility of controlling the flow rate by changing the inner capillary
diameter, which constitutes a major improvement, as it allows for fine control of
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the propellant flow in the emitter. The reduction in flow rate also beneficially
changes the emission behaviour of several emitter geometries. While the emitters
with a very low capillary diameter exhibit the aforementioned multi-cone emis-
sion behaviour, emitters with slightly larger capillary diameters of about 40 pm to
50 pm show an improved emission stability compared to the emitters used in series
(i). Measurement data revealing the stability improvement is shown in Fig. for
the emitter with 50 pm capillary diameter. This leads to the hypothesis that emit-
ter orifice and capillary diameter are directly linked and may have to be changed
together to achieve the best results. The fixed orifice diameter of 150 pm was,
presumably, too large for the 20 pm to 30 pm diameter capillaries to show stable
emission. Further experiments have to be conducted to investigate the relationship
between size of the emitter orifice and capillary diameter in more detail.

In the third series of samples (iii) a reduced distance of the emitter to the ex-
traction electrode was investigated whilst the diameter of the extraction electrode
orifice was kept constant at 1715 pm (see Fig. and Fig. in the appendix).
The distance from emitter to the electrode orifice was reduced by 400 pm, from
700 pm to 300 pm bringing them significantly closer together, but at the same time
increasing the opening half angle from 50° to 70°. The emitter design and varia-
tion was the same as for series (ii). The emitters from approach (ii) showed the
best emission stability and therefore were the prime candidates to have the highest
comparability in emission behaviour. Two sets of four of those emitters were fitted
with the shorter spacer, resulting in a total of 8 emitters for this series.

The expected outcome was an increase in arcing events and instabilities as well as
a reduced start-up voltage with decreasing distance between extraction electrode
and emitter orifice. In contrast, the actual results showed an even further increased
emission stability. Exemplary results are shown in Fig. [5.5 Since the emitter de-
sign is identical to the one used in Fig. a direct comparison of the results from
series (ii) reveals the increased emission stability and the influence of the reduced
distance to the extraction electrode. The U-I curve plotted in the graph in Fig.[5.5
shows the very stable behaviour from 0V to -3000 V. Around -3250V the transi-
tion from single-cone emission to multi-cone emission is observable, as illustrated
by the four images presented in Fig. [5.5] Correlating video sequence and current
data shows clear demarcations when the emitter switches from single to multi-cone
emission. Even in multi-cone mode no arcing was observed and the emission was,
except for the area from -3500V to -3800V, very predictable. The reason for the
decrease in emission current in area from -3500V to -3800 V is still unclear. Most
likely is that the propellant flow was reduced for a while due to debris or bubbles
inside the propellant. However, gaining insight into the mechanisms underlying
the transition from single-cone to multi-cone emission is significant.
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Figure 5.5: U-I plot, four images extracted from the corresponding video captures of the exper-
iment and four schematic drawings of the emitter of series (i) used in the experiment. The
curve exhibits a characteristic exponential increase in current with rising extraction voltage. In
the voltage range from 0V to -8.1kV the emitter operates in single-cone emission mode (1). At
about -3.3kV the emitter starts to operate in multi-cone mode as can be seen in picture (2) and
subsequently (3). Further increasing the voltage results in more Taylor cones forming on the
emitter tip (4). Each new cone can be referenced to a step in the U-I-curve.
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Figure 5.6: U-I plot, a single image extracted from the video capture of the experiment and
schematic drawing of the emitter. For this measurement the newly developed emitter design (iv)
was used, which intended to turn the lessons learned throughout series (i) to (iii) into improve-
ments of performance. The schematic drawing of this emitter design can be found in Fig[A]]
in the appendiz. The emitter shown in this figure features an inner capillary diameter of 40um.
The electrode design was that shown in Fig.[A-9 in the appendiz. The mazimum extracted current
reached about 75 pA and followed the characteristic exponential increase with rising voltage. No
arcing was observed and the emitter operated very stably.

The most common modes of failure are arcing and short-circuit events, that dam-
age the emitters. These events are typically caused by ionic liquid that forms a
conductive bridge from the high voltage fluid to the grounded support structures
of the electrode. In most cases unstable emission and multi-cone emission provide
the necessary fluid for such short-circuit bridges. By eliminating the possibility of
such events to occur the longevity of the emitter may be increased significantly.
Therefore, predicting the transition mechanisms from single-cone mode to multi-
cone mode will be crucial for developing strategies to enhance the longevity of the
emitters.

In the experimental variation (iv) a new emitter design was devised, which is based
on the lessons learned and results of the three preceding experimental series. The
design intended to address multiple issues that became obvious during the other
experiments, like overflowing or unwanted multi-cone emission. The technical
drawing of the emitter can be found in Fig. in the appendix, that of the
extraction electrode in Fig.[A.2] Since beneficial design dimensions were unclear,
a systematic variation very similar to the series (ii) was applied to the new design.
The inner capillary was decreased from 50 pm to 20 pm in 10 pm increments. A
total of eight emitters were fabricated.
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Figure 5.7: Three U-1 curves for the emitters from series (iv) with an inner capillary diame-
ter from 50pum (red) to 30um (black). In direct comparison the U-I curve for the emitter with
40pm (blue) capillary diameter shows the best performance. The results are similar to observa-
tions made during series (ii) and (i), which can be attributed to too much or too little flow rate.
The forth emitter with a capillary diameter of 20 um had a manufacturing defect and was not fit
for a comparison.

As can be seen in Fig. and Fig.[5.7 the emitter of the new design with a 40 pm
capillary diameter showed the best performance of this series. The emission was
highly stable and achieved 75pA at -4800V at its best. Furthermore, no arcing
was observed during the experiment, and only single-cone emission was evident.
The other emitters from this series showed similar results, but with slightly re-
duced performance, which can be seen in Fig. The emitters with larger and
smaller capillary diameters showed the same issues observed for emitters of series
(i) and (ii), which can be attributed to too much or too little propellant flow rate.
Nevertheless, the new design demonstrates a lesser extent of this issue in compar-
ison to the design utilised in (i) and (ii).

Besides the increased performance, the emitter design is also considerably more
compact than the other designs, which in theory allows assembling more tightly
packed arrays. Overall the implemented design changes intended to improve the
emission behaviour yielded remarkably good results. This makes this design the
most successful of all studied in this thesis.

A review of the literature reveals no examples of polymer-based 3D micro-printed
electrospray emitters that can be directly compared to the results obtained on
emitter of series (i) to (iv). Nevertheless, there are analogous electrospray concepts
with comparable emitter dimensions, geometries, and fabrication methods that
allow a comparison.
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An example for a comparable emitter design in terms of size and manufacturing
method is the electrospray system developed at Cornell University. They utilise 3D
lithography to manufacture porous emitters from silica glass beads. Their emitter
design is comparable in size and shape to the one used in series (i), with a conical
structure ranging from 300 pm at the base to 5 to 10 pm at the tip. Their emitter
was capable of emitting up to 2pA in current in both polarities [50]. The new
design presented in series (iv) vastly outperforms these results with a maximum
current per emitter of about 75 nA. Furthermore, the design from series (iv) has a
smaller footprint with only 150 pm diameter at the base.

Another example of a comparable electrospray system is the PET-50, from the
Southampton University. The PET-50 is based on porous emitter fabricated using
SLA 3D printing and features four thruster heads each fitted with 313 individual
emitters resulting in a total of 1252 individual emitters. The specific design di-
mensions of an individual emitter are unknown. This system is currently tested for
flight readiness. It is already fully integrated in a 1 U form factor. In this state the
system achieved an emission current of 1394 pA at -3400 V [99]. This translates to
about 1A per emitter. Even when compared with this more developed and flight
ready thruster assembly, the results of the experimental series (iv) are very promis-
ing. However, it should be mentioned, that the PET-50 primarily operates in pure
ionic mode at a specific operation point. This means, that the reported 1394 nA
are not the maximal achievable current of the system, but represent the upper limit
of the nominal operation current. Nevertheless, the emitters characterised in se-
ries (i) to (iv) all showed comparable or better results in terms of emission current.

A third comparable emitter design is the capillary type electrospray system devel-
oped at UC Irvine. Their emitters feature a straight cylindrical capillary etched
from a silicon substrate. They reported capillary sizes ranging from 275 um down
to 40 pm, making them very similar to the emitters used in series (iv). Further-
more, their design also features an integrated extractor electrode, with a distance
of about 300 pm from emitter to electrode. They reported an emission current of
about 0.311A per emitter. However, their system employed hydraulic resistance
channels and an active feeding system, with the goal of only supplying a minimum
amount of propellant to each emitter, therefore, operating at below maximum ca-
pacity [100]. The emitters used in series (iii) and (iv) exhibit a high degree of
similarity with regard to their design parameters, and demonstrate a comparable
performance to their system. The emission of the emitters from series (iii) shown
in Fig. in the voltage range from -2000V to -3100 V may be best compared
with those results because of the intentional limiting of the flow rate. The emitters
from series (iii) outperform the emitters from the University of Irvine by a factor
of about 10 or higher.
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5.2 Future avenues and research opportunities

The technology of 3D micro-printed electrospray thrusters improved significantly
in a very short period of time. This is due to the incredibly short prototyping time
and fast design adoption achievable due to the feasibility of the technology. Based
on the results achieved with the geometry parameter variation presented above,
there are several promising avenues for improvements and further developments.

One possible way forward could be array fabrication. The feasibility of fabricat-
ing identical emitters into large arrays has already been demonstrated during this
project. An investigation into the potential of emitter arrays would improve the
capabilities of this technology as an electric propulsion system. Using the scala-
bility of electrospray emitters to its fullest, in combination with fast prototyping,
freedom of design, and modularity provided by the 3D-lithography process, this
technology may become very successful in the field. However, beside the obvious
advantages of the array approach, there are some challenges that need to be faced.
One challenge is the interaction between emitters in close proximity to each other.
The proximity of the emitters may have an effect on the emission behaviour. It
seems reasonable to assume that such an effect would be observed in the field dis-
tribution in the vicinity of the emitter tips, as has been discussed in the literature.
Furthermore, it may be assumed that the provision of propellant by the same
reservoir may affect the performance, for example due to "communicating pipes".
Devising emitter geometries that are not impacted and behave predictably in terms
of array positioning is essential to overcome this challenge.

As already pointed out above, a revision of the fluid feeding system is essential.
Some work in this regard has already been started, with the recently developed
passive feeding reservoir included in Fig. in the appendix. A revised fluid
system that allows for long term testing and provides a predicable propellant flow
would be very beneficial for the technology of this emitter technology as a whole.
If a passive or an active feeding system will be best, has to be investigated in the
future.

Other aspects worth exploring are different operation points for the emitters. As
described in the chapter [2| electrospray emitters can emit ions in very different
modes. Pure ionic mode is the preferred operation mode, due its high efficiency.
However, other modes may also be beneficial. Mapping emitter operation in depen-
dence on operational parameters such as flow rate, extraction voltage and polarity,
may yield insight on how to operate these emitters in different modes. This could
yield more flexibility in the application in an electric propulsion system.
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Figure 5.8: Data obtained during approach (i), consisting of a U-I curve for emission in positive
polarity and a time resolved plot of the extraction current and high voltage for pulsed emission.
The emitter used for these experiments features a 240um orifice and a 60wm inner capillary.
Most of the experiments in the series (i-iv) were carried out in negative extraction polarity to
ensure comparability. The data shown here was collected as a prove of concept for multi polarity
operation.

Since the different modes vary in the required operation parameters, with some
emission modes only occurring at specific propellant the flow rates, a controllable
flow rate may be necessary. If the flow rate needs to be adjusted directly, an active
system of some kind is required. The tool to identifying different emission modes
may be time-of-flight mass-spectrometry. This technique was already discussed
during the project and can provide the necessary insights, like beam composition,
ion velocity and ion energy to determine the emission mode.

Very closely related to the characterisation of the operation space is the adaptation
of multi-polarity ion emission. As for now, ion emission was primarily achieved us-
ing negative high voltage for emitters discussed in this work. However, electrospray
emitters using ionic liquids are capable of emitting ions in both positive and neg-
ative polarity. This capability has also been proven by the experiments conducted
during this project for example in the publication IV in section [3.6] Nevertheless,
this possibility was hardly explored, due to the unstable emission behaviour until
recently. With the recent advancements, stable emission both polarities as well
as in pulsed mode was confirmed and achieved reproducibly. Fig. [5.§ shows data
collected during the experimental series (i) as proof of concept for multi-polarity
and pulsed operation. As the focus of the experimental series was on the influence
of the geometry, only a few experiments were carried out with positive and pulsed
extraction voltages. With the stable emission in both polarities, a new avenue to
devising a control scheme to operate the emitters in a pulsed emission mode opens
up. The few experiments conducted using pulsed mode showed promising results.
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This could be a worthwhile investigation, as pulsed ion emission would increase
the electric propulsion capabilities of this technology, in particular as neutraliser
usage may be avoided this way.

Additionally, it may prove beneficial to investigate alternative materials for the
emitter structures. The 3D lithography device used to manufacture the emitters
is also capable of producing pure silica glass models, if a secondary sinter process
is applied. By changing the material to a glass-based kind, the longevity and
emission behaviour may be further improved. Furthermore, the use of glass as a
material allows for the utilisation of liquid metal as a propellant, given that glass
is capable of withstanding higher operational temperatures.

Setting aside the goal of developing an electric propulsion system, this technology
may also be interesting for mass spectrometry or material processing. The high
modularity and capability to provide ions at a wide range of extraction energies
may be interesting for the aforementioned applications.

In conclusion, the potential avenues of inquiry in this research field are contingent
upon the intended application and the desired outcome. The objective of further
research into a propulsion system may differ from that of fundamental science is-
sues. It is now possible to define the future direction of the research idea of 3D
lithographically fabricated electrospray emitters, given that the underlying tech-
nology has been validated during this project.
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Appendix

A.1 Additional conference publication RGCP 2021

This conference publication precedes the initial journal publication and contains
an unedited version of some findings. It should be noted that this publication does
not represent any advancement that has not already been mentioned. It features
some more in depth methods that were inconsequential in comparison to other
findings. Accordingly, this publication has been relocated to the appendix as sup-
plementary material.

F. Kunze wrote the first draft of the manuscript. The manuscript underwent
revision by all of the contributing authors. The experiments and data acquisition
were conducted by F. Kunze and L. Hanstein. B. Mogwitz provided help with
the focused ion beam device. Furthermore, P. Klar and T. Henning provided
supervisory and project management oversight.
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Fabrication of internally wetted electrospray emitters
by 3D microlithography and characterisation by
destructive imaging

F Kunze, L Hanstein, B Mogwitz, T Henning and P J Klar
I. Physikalisches Institut, Justus-Liebig-Universitat Gieen, Heinrich-Buff-Ring 16,
35392 Gielen, Germany

E-mail: fynn.kunze@physik.uni-giessen.de

Abstract. Electrospray microemitters with capillary diameters of a few micrometres were
fabricated by 3D microlithography (two photon lithography) in the photostructurable polymer
SU-8. Results on the optimisation of the writing process are presented. The quality of the
emitters, especially the continuity of the capillaries, was demonstrated by destructive imaging,
namely, by mechanical grinding of emitters embedded in resin and by precision milling with a
focussed ion beam, respectively, followed in each case by scanning electron micrography.

1. Introduction and motivation

Small and micro satellites have become more and more relevant for commercial and scientific
applications in the past decade as these small satellites are cheaper to launch compared to
conventionally sized satellites, while still offering vast mission possibilities. Constellations like
OneWeb or Starlink are prominent examples for applications of small satellites. For constellation
flights, accurate position and attitude keeping of the members of the constellation as well as a
good fuel economy are important. Furthermore, scientific missions like LISA, also require precise
orbit and attitude control with very small impulse bits and with a low thruster noise, which can
be provided by miniaturized thrusters[1, 2, 3].

These requirements demand the development of precise miniaturised thrusters fitting on a
very small satellite with possibly only a few litres of volume. Electric propulsion systems are
most likely to fulfil these requirements. Therefore, the scaling-down of existing and proven electric
propulsion systems systems is a logical approach [1].

However, upon the scaling-down of existing systems, some problems are encountered. For
plasma based thruster for example, it becomes harder to generate a stable plasma as the plasma
vessel is scaled down due to the increasing surface-to-volume ratio, resulting in poor efficiency.
Bulky components that do not fit into small satellites and high power consumption are some
known challenges [4].

Therefore, instead of relying on the scaling down of existing technologies, developing new
miniaturised thruster is a necessity. One candidate are electrospray emitters, also known as
colloid emitters. These are very scalable and even profit from scaling down as they become more
efficient with reduced geometric dimensions. The general concept behind electrospray emitters
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is the use of a static electrical field to extract ions[5] from a liquid propellant and accelerate
them, thus creating the thrust.

Possible propellants are liquid metal or ionic liquids. If ionic liquids are used, both positively
and negatively charged ions can be extracted from the propellant, eliminating the need for
external neutralisers [6]. There are three types of electrospray emitters [7], namely, internally
wetted or capillary type emitters, externally wetted emitters, and porous emitters. Of these three
types we shall focus on the internally wetted or capillary type emitters, using an ionic liquid as
propellant. There are primarily two fabrication technology families for capillary emitters. The
first one is the silicon based fabrication, which has been successfully applied in the Unites States
and Europe [8]. The other path, which this paper is focused on, is the use of photolithography
and photopolymers. The emitters and all possible parts are created using photolithography
as core technique and photopolymer, in our case SU-8, as base material. SU-8 is a negative
tone resin, which distinguishes itself due to high mechanical stability and resistance against
harsh external influences. In the past, planar photolithography was employed to create stacked
structures, thus creating quasi-3D emitters. A combination of planar photolithography and 3D
microlithography demonstrated the possibilities offered by 3D microlithography, especially the
freedom of design [9]. The next step is to fully utilise the 3D lithography to manufacture emitters
and emitter arrays without additional planar lithography steps.

2. 3D microlithography

The general principle of operation is shown schematically in Fig. 1. 3D microlithography systems,
also known as two-photon-laserlithography, use a near infrared femtosecond fibre laser with a
standard wavelength of about 1080 nm, which in further modulated to 780nm. Single photons
emitted by the laser carry too little energy to trigger a photochemical reaction in the photoepoxy,
thus passing through it unhindered. However, this changes when the laser beam is focussed
through microscope optics, providing such a high intensity in a small volume element (voxel)
near the focus, that two-photon processes occur at a statically high rate. The energy of the
two photons combined is sufficient to trigger a photochemical reaction. By scanning the focus
through the photoepoxy in three dimensions, structures can be written with a very high degree
of design freedom and a spatial resolution down to a few hundred nanometres. This can be
achieved by either changing the beam path via mirrors (galvo-scan) or changing the sample
position (piezo-scan).
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Figure 2. SEM pictures of pure SU-8 micro capillary emitters. Both emitters were fabricated
in a single exposure step using 3D microlithography (two-photon lithography). The emitters are
placed on a handling base which is also written by the exposing laser beam. The capillary extends
through the whole structure including the base. On the left (a), a typical conic micro emitter is
shown. The stitch between two chunks of the base plate can be seen crossing the emitter base
from left to right. The discolouration near the tip is likely a result of the metallisation process
carried out prior to the SEM investigation. On the right (b), an emitter with a hexagonal cross
section is shown. This emitter was fabricated using similar parameters like those used for the
emitter on the left.

3. Single emitters
The first step in creating functional emitter arrays is the fabrication of single emitters which
then can be assembled into an array.

3.1. Emitter structure

Single emitters fabricated in SU-8 photopolymer with only 3D microlithography are shown
in Fig. 2. The conic emitter on the left demonstrates the three main features: firstly, the
capillary carrying the propellant to the extraction site at the tip of the cone, secondly, the
cone itself, shaped to improve the electrical field distribution at the tip and to reduce the chance
of propellant overflowing and wetting the surface, and, thirdly, the base plate that separates the
outside (vacuum side) from the inside (propellant reservoir).

3.2. Fabrication parameters

For the fabrication of the emitters shown in Fig. 2 the Nanoscribe PPGT 3D microlithography
system was employed. As substrate, a 280 um thick Si wafer (100 surface orientation) with a
spin coated layer of 100 pm of SU-8 was used. The Nanoscribe was used in the 20 x objective,
mask-less (air gap) configuration. In table 1, all process relevant parameters are listed. The whole
emitter was programmed in the GWL language which is directly processed by the device. GWL
is comparable with G-Code most commonly employed in 3D printing and CNC manufacturing.
As the system can only operate a field of view with a diameter of 600 pm with the 20 x objective,
the structure has be cut into smaller pieces, so-called chunks. Each chunk overlaps a little with
adjacent chunks (stitching). A corresponding seam can be observed in the left hand image in
Fig. 2. The shape of the chunks can be adjusted, in this case, a quadratic base of 250 pm x 250 pm
was chosen. To optimise the writing time, a “shell and scaffolding” technique was used: only the
bottom, the walls and the top of each chunk were written, leaving unexposed resin inside each
chunk. Bottom and top were written 3 pm thick, while the walls were 5 um thick. This proved to



Table 1. Process parameters used in the GWL code for the fabrication of single emitters with
the Nanoscribe PPGT 3D microlithography system

parameter value

slicing distance 0.3 pm

hatching distance 0.3 pm

scanning speed 50000 pm s~ !

base plate lateral size 2mm X 2 mm

base plate height 20 pm

emitter height (height over substrate) 60pm (20 pm+40 pm)
emitter diameter at base 30pm

chunk size 250 pm x 250 pm
writing time 132 min

result in sufficient structural stability until the later fabrication steps. Leftover unexposed resin
is flood exposed after the developing step using a UV light source, thus forming a solid material.
The shell and scaffolding technique results in a much shorter overall writing time. After the
writing process the structure was developed using mr-Dev 600 developer. The flood exposure
was done in a Suss MA 56 mask aligner with a high pressure mercury lamp and is only applied
to the base plate and not the emitters. To separate the structure from the silicon substrate, the
wafer was placed in a potassium hydroxide solution with 27 % concentration at 80°C over the
course of two to five hours depending on the wafer. The structures may separate from the wafer
with some parts of the wafer still intact, eliminating the need to fully dissolve it.

3.3. Freedom of design

As shown in the right hand image in Fig. 2, the emitter shape can be defined with great freedom
of design within the 3D microlithography process. A hexagonal cross section was chosen for the
emitter, as well as for the chunks of the base plate in this example. This degree of freedom
of design cannot be achieved with planar lithography and neither with silicon technologies. It
can also be applied to the internal structures of the emitter, creating for example capillaries
with non-circular cross sections or with more complex internal surface structures, like fins or
meanders. This may influence the emission behaviour of the emitters and needs to be examined
further.

4. Arrays and systematic variation

4.1. Arrays

In the left image of Fig. 3, an array with 25 individual emitters is shown. Such an array
may later be part of a larger array. Each single emitter has a footprint of approximately
30pm x 30 pm. This translates into an emitter density of 1100 emitters per square millimetre.
By changing the spacing and position of the emitters an even higher density may be possible.
For any array of emitters highly uniform individual emitters are essential since variations in
parameters, especially geometric dimensions, between them may render the emission behaviour
unpredictable. Therefore, it is necessary that the fabrication process yields uniform emitters
when the same GWL code is used. The emitters in Fig. 3 on the left were written using the
same GWL base code and only changing the relative starting position of the writing process.
There are minimal to no visible differences between the single emitters.
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Figure 3. SEM images of an array of nominally identical emitters (a) and of an array of
systematically varied emitters (b). The individual emitters in the left hand image are 40 pm in
height over the base plate, have a diameter of 20um at the base and a capillary diameter of
8pum. On the right hand side, a systematic variation in capillary diameter is shown. The five
emitters in one row are identical. From top to bottom, the capillary diameter starts at 16 pm
and is reduced by 1um with each consecutive row down to a capillary diameter of 8pm on the
last row.

J L IJn 2201130

4.2. Systematic variation of parameters

An important advantage of defining the structures to be lithographed as programme code, GWL
in this case, is that systematic variations of geometric parameters can easily be implemented,
by looping over chosen variables in an array of test structures. In Fig. 3 on the right hand side
an array of emitters (without base plate) is shown. The capillary diameter is systematically
reduced from top to the bottom row, starting at 16 pm at the first row and decreasing in 1pm
steps to 8 pm in the bottom row. The whole array was fabricated using the same GWL-code
with only iterative adjustment to the diameter variable. This allows for combining emitters with
different parameters into an array in a single process step. This is difficult to achieve with other
fabrications techniques such as planar photolithography, because for each capillary diameter a
different mask is necessary.

5. Characterisation by destructive imaging

Quality assurance of the capillary is essential in establishing a fabrication process for internally
wetted electrospray emitters. Important issues are the continuity of the capillary and the
homogeneity of its diameter over its entire length. These qualities can only be evaluated by
subjecting samples to destructive testing with subsequent microscopic imaging. In the first
approach we used a grinder with sandpaper of different grit to grind down emitters embedded
in epoxy resin to achieve a cross-section. The silicon substrate was in this case removed after
embedding and before starting the grinding process. In the second approach we used a focused
ion beam (FIB) with xenon ions to make free-form cuts in emitter test structures on their silicon
substrate. The results, exemplary shown in Figs. 4 and 5, confirm both that the capillaries were
continuous for sufficiently large diameters and that the diameter did not vary significantly over
the capillaries’ length.

5.1. Grinding
To achieve a clean cross-section view of different emitters and each reveal the capillary layout,
an array of emitters with systematically varied capillary diameter was written onto a silicon
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Figure 4. SEM image of a cross-section of a capillary micro emitter (a). The emitter was
embedded in epoxy resin, the silicon substrate dissolved in a potassium hydroxide solution,
and the sample was ground with sandpaper of grits 240, 600, and 1200, respectively, until the
capillary of the emitter was visible in an optical microscope. The sample was metallised via
sputter disposition with few nanometres of gold for imaging in a scanning electron microscope.
The emitter was not embedded perfectly at a 90-degree angle to the sanding surface. Therefore,
the cross-section shows an oblique cut. On the right hand side (b) the emitter is highlighted in
stripe-hatched blue and the capillary in cross-hatched red. The nominal capillary diameter is
13 pm.

die. To make it easier to observe the emitter, no base plate was written. The emitters on their
substrate were embedded into a clear epoxy (bisphenol-a-epichlorhydrin). After the resin had
cured, the silicon substrate was dissolved with potassium hydroxide, leaving only the emitter
cones embedded in the resin. This allowed a clear view on the bottom of the emitters in an optical
microscope. It was confirmed that the diameters of the capillaries at their bottoms (facing the
tank side) matched those at the top (facing the vacuum side) within measurement accuracy,
and thus, that capillaries that appeared to be continuous in non-destructive imaging inspection
still appeared to be continuous when viewed from the substrate side. Afterwards the emitters
were ground with an automated grinder with 240 grit sandpaper in steps down to 1200 grit
sandpaper. Between the steps of sanding the emitters were inspected periodically to check if a
clean cross-section was visible. The process was repeated until a clean cut was achieved. After
metallising the grinding surface via sputter disposition with gold, SEM images were taken. A
typical image is shown in Fig. 4. The capillary is clearly visible in the centre of the emitter.
The emitter was not perfectly embedded at 90-degree angle to the sanding surface, leading to
an oblique cross-section of the cut with the capillary. At the tip an orifice of approximately
12 pm to 13 pm can be observed, which is matching the nominal (programmed) diameter within
micrometre accuracy. The capillary and emitter are highlighted in the right hand side image in
Fig. 4. Furthermore it can be stated that the whole emitter shows a very good overall fabrication
quality. There are no visible cracks or defects. The surface quality of the capillary seems also
very good with only residual remains from the metallising process.

5.2. Cross-section via focused ion beam (FIB)

As second approach to make the internal layout visible a xenon focused ion beam etching system
was employed. A similar emitter array as described in section 5.1 was fabricated. The emitters
were metallised with gold to facilitate the FIB process by reducing charging. Various orientations
of the ion beam milling direction relative to the intended cross section plane were tested. When



Figure 5. SEM picture of a cap-
illary microemitter in cross-section
produced with a focused ion beam.
The emitter has a height of 70 pm
including the base and a capil-
lary diameter of 8 pm. The capillary
opening is visible in the centre. Due
to the FIB cut some artefacts, so
called rippling, are visible.
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milling exactly parallel to the cutting plane, a deterioration of the emitter at the cutting plane
was observed, very likely due to local heating. The best results were achieved by orienting the
milling direction in a right angle to the plane of the cut, at the expense of the so-called rippling
of the cross-section visible in Fig. 5. The emitter shown in Fig. 5 has a nominal diameter of
8um. The capillary is visible through almost the whole emitter. At the base, no clean cut
was be achieved under the non-optimised conditions in this test run. The surface quality of
the capillary appears to be very good and matches the results discussed in section 5.1. The
true capillary diameter seems to be around 6 pm to 7pm. This may be a consequence of the
fabrication process as the writing voxel of the 3D lithography device has a diameter of its own.
How much the real emitter diameters differ from the programmed nominal diameter has yet to
be fully determined.

6. Conclusion and outlook

The results show that the fabrication of internally wetted electrospray emitters for electric
propulsion application entirely in 3D microlithography is feasible. The emitters exhibit a high
surface quality as well as a well-defined and clean capillary. Even at single digit micrometre
diameters the capillaries are continuous, homogeneous in diameter, and show little signs of
defects. Furthermore, emitters can be manufactured with precision and reproducibility allowing
uniform arrays to be reliably fabricated. The next step will be to characterise the ionic emission
of emitters fabricated as shown above. A further possible development path is the application
and fabrication of complex geometries and capillary layouts deviating from straight, uniform-
diameter capillaries, especially to tackle the challenge of achieving a sufficiently high fluidic
resistance, which is a common difficulty in internally wetted emitter fabrication.
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Figure A.1: Schematic drawing of the emitter design for series (i) presented in Chapter Eé] The
design was systematically changed by reducing the orifice (marked in red) from 400pum to 40um
in diameter in 40um steps. The other parameters remained unchanged as far as possible. Only
parameters directly correlated to the orifice diameter, like the orifice angle, were changed along
the diameter to achieve a viable geometry.
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Figure A.2: Schematic drawing of the electrode used for series (i), (i) and (). The electrode
orifice diameter is 1715 um and was not changed for any of the series. Marked in red is normal
distance of the emitter tip to the metallised plane of the electrode, which was set to 700 um for
series (i), (it) and (iv).
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Figure A.3: Schematic drawing of the electrode used for series (iii). The electrode orifice diameter
is 1715 um and was not changed. Marked in red is mormal distance of the emitter tip to the
metallised plane of the electrode, which was reduced to 300 um for series (iii).
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Figure A.J: Schematic drawing of the emitter design for series (iv) presented in ChapterEé]. The
design was systematically changed by reducing the inner capillary (marked in red) diameter from
50um to 20um. The other parameters remained unchanged as far as possible. Only parameters
directly correlated to the orifice diameter, like the orifice angle, were changed along the diameter
to achieve a viable geometry.
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Figure A.5: Schematic drawing of the improved passive feeding reservoir, which was developed
based on the experimental results of the experimental series discussed in chapter@
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