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Abstract:

The growing CubeSat market has created demand for lightweight, small footprint propul-
sion options. Specifically, high-specific-impulse electric propulsion options. The Space
Propulsion Lab at MIT has developed the ion Electrospray Propulsion System to meet the
requirements of a number of these small space platforms. In particular, Micro Electronic
and Mechanical Systems (MEMS) have been designed, built and tested showing promise
for applications where high-performance is required in compact and scalable form factors.
A signifcant part of recent effort has gone towards the improvement of thruster lifetime,
reliability, and performance. In comparison to the work on thrusters, little effort has been
placed to optimize other aspects of this technology, such as propellant management and
ion optics. A single-use electrowetting valve was developed using MEMS techniques to
improve the reliability and robustness of electrospray systems without increasing the mass,
volume and power of requirements of the system. Additionally, changes to extractor grid
geometry have been made to improve ion optics and grid lifetime through reduced beam
interception.
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I. Introduction

With the proliferation of Small satellite launches in recent years, specifically CubeSats as secondary
payloads on rockets, components are becoming smaller, denser, and more modularized. Many of these
satellites do not carry propulsion, but in the future adding this capability would allow them to extend
their application domain to more ambitious applications. The ion Electrospray Propulsion System (iEPS)
is an electric propulsion alternative that makes use of ionic liquids as propellants and a strong electric field
to extract ions directly from the liquid surface. Due to the nearly zero-vapor pressure of the ionic liquid
propellants used in these thrusters,1,2 the potential accumulation of ionic liquid between the emitters and
the extractor electrode could result in electrical shorts and eventual device failure on orbit or in storage.
These events may occur when a positive pressure develops in the propellant management system. One of the
features of electrospray systems is that they can work using passive flow exclusively, thus obviating the need of
valves and pipes as the propellant wicks from the tank to the thruster. However, under some conditions, the
presence of trapped gases in the porous network of these devices could result in liquid pressurization, leading
to flooding of the emitter-extractor gap.3,4 As the majority of small satellites are secondary payloads on
space launches, they are commonly stored for long periods of time before launch, risking premature thruster
failure. Furthermore, the presence of liquid on the surface of the emitters at the time of launch could result
in premature liquid accumulation. The demanding environmental loading of a rocket launch aggravates these
issues. To reduce these concerns and improve the system overall robustness and reliability, a valve could be
added between the propellant tank and the thruster. However, existing valves are bulky and require power,
thus hampering two of the main positive features of microfabricated electrospray thrusters: their small size
and power efficiency. In here, we describe the design and construction of a valve based on the electrowetting
phenomenon. This valve is built using MEMS techniques and therefore does not increase the mass, volume
and power requirements of this type of electrospray thrusters.

Additionally, during the operation of iEPS thrusters, a small percentage of the current is intercepted
by the extractor grid while the rest is emitted for thrust. This intercepted current reduces the amount of
thrust that these devices can generate. However, this decrease is small, and the main issue is that high
energy particle impacts on the extractor reduce the lifetime of the system as apertures are either damaged or
clogged by particles in the beam. Several design changes are analyzed to minimize this intercepted current.
Beam interception phenomena is illustrated in Figure 1.

Figure 1: Ion plume intercepting edges of previous iteration of extractor grid.

II. Design Advancements

A. Solid State Valve

The LISA Pathfinder spacecraft represented a milestone for electrospray thrusters; in particular, for colloid
thrusters working in the ion-droplet mixed mode.5 This system, like all flight propulsion systems, required
a very reliable and robust propellant management system. To control the flow, these colloid thrusters used
a piezoelectric valve. In a similar way, the implementation of a valve mechanism for iEPS thrusters would
improve the overall system robustness. This is important to reduce as much as possible the probability of
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premature failure during storage, transportation and integration. Several requirements were established for
a valve design for iEPS thrusters. The valve mechanism needed to be actuated in a way that could still be
integrated with a passive propellant management system. The valve should be compact enough so it does
not require modifications to iEPS thrusters. The valve should consume little or no power. In particular, the
valve assembly needs to withstand the intrusion of EMI-BF4 in storage at standard atmospheric conditions
for up to six months. The objective for this valve is to seal the tank-thruster line until actuated in orbit.
Therefore, the valve needs to survive launch environmental tests, including simultaneous depressurization
and vibration.

A valve based on the electrowetting principle was developed to fulfill the prescribed requirements. The
concept behind the electrowetting valve requires minimal modification to the fuel tank assembly. The de-
sign consists of a multiplicity of through-holes etched in a ∼200µm silicon wafer. Every valve is coated
via plasma-enhanced chemical vapor deposition (PECVD) with fluoropolymer layer, with the approximate
structure C2F3.5. The thin film is capable of preventing EMI-BF4 to prematurely enter the through-holes
under launch loads. Penetration of the non-wetting layer and actuation of the valve is achieved by applying
an electric potential to polarize the liquid and forcing it to wet the dielectric coating.6 The high contact
angle of acliquid (water in this case) droplet deposited on top of a finalized valve can be seen at the left of
fig. 2. The right figure shows a scanning electron microscope (SEM) image of a few of the through-holes.

Figure 2: Left: Electrowetting valve displaying its hydrophobic nature with a water droplet. Right: An SEM
image of an array of through-holes

The contact angle (θ) between a liquid of surface tension γ and a dielectric surface of thickness d can
be modified with the application of an electric potential (V ), according to the Young-Lippmann equation,
where ε0 is the permittivity of vacuum:

cos θ0 = cos θ − ε0ε

2γd
V 2 (1)

At sufficiently high voltage, the liquid can be forced to wet the dielectric surface. Notice the equation
above predicts a voltage at which perfect wetting (θ = 0) can be achieved. In practice, saturation occurs
at some finite contact angle. The objective then is to design a system in which the contact angle changes
from a non-wetting (θ > 90◦) to a wetting (θ < 90◦) condition. The final valve design consists of a matrix
of through-holes etched in a silicon wafer. Each valve has a thermally grown silicon dioxide layer (dielectric
constant ε1, and thickness d1) and is then coated via CVD with a non-wetting fluoropolymer film (ε2, d2). A
thin polytetrafluoroethylene (PTFE) coat is capable of preventing the propellant to enter the through-holes
under launch loads. The dielectric constant (ε) in Eq. 1 can be corrected as the two films are in series and
have constant thickness via:
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ε

d
=

(
ε1
d1

+
ε2
d2

)
(2)

A companion paper7 includes the same valve description shown above, although in that work the results
of integration into a thruster system are shown. In here, we focus on the valve design and construction.
Notice that the oxide layer prevents current from flowing from the applied voltage to the liquid and the
silicon underneath. In consequence, there is no power consumed by this device.

To confirm the dependence of contact angle on applied voltage, a bare silicon surface coated in the non-
wetting fluoropolymer film was utilized. A small droplet of water was placed on the center of the sample.
One side of the piece with exposed silicon was used to ground a high-voltage power supply. The positive
electrode from the supply was connected to a thin conductive wire placed in the water droplet without
touching the silicon. The bias was increased between the droplet and the silicon in 5 volt increments up to
100 volts. This droplet experiment is shown in Figure 3. Contact angle begins at greater than 90 degrees,
but decreases to 90 and surpasses the wetting threshold as voltage increases. The critical wetting voltage
was measured to be approximately 40 volts. This is shown in the plot in Figure 4.

Figure 3: Electrowetting droplet test.

Figure 4: Plot of droplet contact angle measured along horizontal vs applied voltage between droplet and
silicon.
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An integrated tank-thruster system test of this wetting phenomena is shown in Figure 5. The porous
emitter chip can clearly be seen becoming saturated with propellant shortly after the valve is activated.

Figure 5: Integrated valve wetting test

The fabrication of this valve was accomplished using similar MEMS techniques present in many of the
other thruster components. This was seen as necessary to both ensure the high-precision capillaries were
formed correctly and to minimize unnecessary mass and volume. A graphical representation of the steps taken
to make the electrowetting valves is shown in Figure 6. A thick oxide is deposited on one surface of a silicon
wafer. Then a photoresist mask is applied and developed on both sides of the wafer. Then the capillaries are
etched to a specified depth necessary to ensure non-wettability without applied voltage. Weight minimization
features can be added as needed through etching. The valve is then coated in a thermally grown oxide layer
to provide electric isolation. A non-wetting layer of fluoropolymer is then deposited over the diced valve
devices to ensure propellant can not creep through the capillaries with any reasonable pressure thruster may
see upstream of the valve under storage, transportation and launch loads.

Figure 6: Graphical representation of valve fabrication steps.8

B. Extractor Electrode Geometry Improvements

The extractor electrode is a critical component of iEPS thrusters as it determines critical characteristics,
such as the amount of intercepted current, the startup voltage of the thruster, and life-limiting mechanisms.
Desirable improvements included the minimization of intercepted current and streamlining the manufacturing
process. Theoretically, the reduction of the intercepted current is associated with improved ion optics and
can be achieved in several ways. First, by decreasing the distance between the extractor and the emitter tip.
According to Ref.9 it will lower the startup voltage of the resulting thruster. However, it will require further
advancements in the precise control of the relative packaging of emitter tips, relative to the plane of the
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Figure 7: Updated extractor grid with diverging profile feature.8

extractor. Alternatively reduction of intercepted current can be achieved by reducing the thickness of the
extractor electrode. The previous generations of the extractor grids are already extremely thin, 110µm.10

Further thinning of grids can result in a significant loss of yield or potential failure due to significant bending
under electrostatic loads. However, it is structurally favored to enlarge the apertures of the extractor grid
to minimize the likelihood of emitted particles to be intercepted by the extractor. Structural failures of the
grids are associated with normal loads to the extractor plane when the thickness is too small. This plane
thickness is the key parameter that controls the structural integrity. There are no constraints that require
the extractor electrode aperture profile to be a cylinder of a constant radius. Therefore, a step-wise profile
can reduce the effective thickness of the extractor electrode while maintaining sound structural integrity.

A new two-wafer process was developed. A single SOI (Silicon On Insulator) silicon wafer becomes the
grid and alignment layer, and the second wafer becomes the structural support and attachment point for
the electrical connections. The driving design decision of the new process is the simple production of a
diverging profile for the capillaries in parallel with streamlining the fabrication process. The significant
design novelty is the divergent capillary profile, crafted with an intermittent isotropic plasma etching step
before the capillaries are etched through. This process is graphically shown in Figure 7. A resist mask is
first applied and developed on both sides of the SOI wafer. An isotropic etch creates the diverging profile.
A reactive ion etching process then etches the holes through the grid and removes material form the back.
The additional wafer is used to bolster the thin grid region for integration into the thruster. A similar mask
deposition and development followed by etching achieves this. The wafers are then bonded and diced to
form individual extractor electrodes with diverging profiles.

The new extractor fabrication process includes improvements on three of the previously stated methods
to decrease current interception. The relative distance between the emitter tips and the extractor electrode
has not been altered. From the SEM photos in fig. 8, a comparison can be made between four generations
of extractor electrode grids. The grids have been thinned from 110µm down to 70µm at its thickest part.
This is the minimum thickness to mitigate electrostatic warping of the grid during operation. The divergent
profile, achieved via isotropic etching, has reduced the effective thickness for the ion optics to ∼20µm. Fi-
nally, the aperture size has been changed from a 330µm constant width profile to a divergent profile ranging
from 300µm to 360µm;10 the emitters are separated by 450µm.

One of the key performance metrics of each extractor electrode design is its nominal intercepted current,
as outlined previously. Prior to fabrication, the designs can be evaluated based on their open-view angle,
relative to the vertical axis and it is assumed here forth that the emitter tip is perfectly centered relative to the
extractor aperture and the vertical spacing between them is 50µm. The optimized open-view angle extractor
design would be infinitesimally thin and have an aperture size equivalent to emitter tip spacing. This would
not yield a sound structure, one that has to hold its own weight, be capable of surviving environmental
loading and general handling. Underlining the need to account for the structural rigidity of the extractor
grid. Two metrics are considered, the second moment of area and section moduli. The second moment of
area is defined as:

I =

∫
A

y2dA (3)
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Figure 8: SEM of new divergent extractor compared to a previous cylindrical versions

Where y = 0 is set at the centroid of the cross-section of interest. While the section moduli is defined as
S = I

c , with c being the distance from the centroid to the top and bottom of the cross-section. The smallest
cross-section of the extractor is where two apertures lie the closest. The four extractor designs in Fig. 8 are
internally compared in Fig. 9.

As illustrated in Fig. 9, the addition of the isotropic etch will reduce intercepted current with a negligible
structural penalty.

These extractors are tested and preliminarily characterized in the companion paper.7 In general terms,
it is shown that they produce similar performance (low interception) to thinner extractors, but provide a
more robust structural design.

III. Conclusion

Introduction of a long duration storage 8 um sized single actuation electrowetting valve and its characteris-
tics have been described. The contact angle as a function of applied voltage was characterized, demonstrated
that a critical voltage between 40 and 100 V is required to actuate these devices. The solid-state valve pro-
vides additional robustness and reliability to iEPS thrusters without compromising the system compactness
and power requirements.
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Figure 9: Evaluation of extractor electrode designs, comparison of open-view angle and structural stiffness

An additional improvement to the thruster components was achieved through a re-design of the extractor
electrode to minimize current interception during firing. The isotropic etch of a diverging ring around each
extractor hole proved to largely mitigate this issue, improving system efficiency and thrust.

While the fabrication and initial tests of the solid-state valve and the diverging extractors proved suc-
cessful, more work is still required to verify their operation consistency under different conditions.
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