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ABSTRACT

This paper reports on the design, fabrication and test
of an integrated colloid micropropulsion system for
spacecraft attitude control using the ionic liquid EMI-BF,
as fuel. The principle of operation of the thruster is
identical to electrospray ionization. The objective of the
project was to demonstrate the feasibility and operability
of arrays of microfabricated capillary emitters with
individual extractor electrodes. This design approach
results in an identical electric field distribution from one
capillary to the other, avoids crosstalk and therefore
allows for a more finely modulated thrust control.
Spraying tests with different thruster configurations were
conducted under vacuum conditions. Tests were
performed with different thruster configurations and
starting voltages around 700V were observed.

1. INTRODUCTION

Colloid thrusters operate by electrically charging a
conductive liquid at the tip of a capillary to high voltage.
Above a critical voltage the liquid deforms into a cone
and an aerosol of charged droplets or ions is accelerated
towards an extractor electrode, as shown in figure 1. For
spacecraft attitude control thrust in the micro- to
millinewton range is required. As the thrust per emitter is
in the 0.1uN range arrays of emitters are necessary. The
objective of this project is to demonstrate the feasibility
and operability of arrays of microfabricated capillary
emitters with integrated extractor electrodes.

Prior work on out-of-plane electrospray emitters
without extraction electrodes has been carried out by
Schultz et al. [1], Griss at al. [2] and Wang et al. [3].
Pioneering work on integrated capillary devices has been
done by Paine et al. [4], [5], unfortunately the low aspect
ratio of his capillaries led to fuel leakage and his devices
were not functional. Xiong et al. [6] have demonstrated
the feasibility of an integrated device with starting
voltages of 1400V, twice the voltage required for our
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Figure 1: Principle of operation of a colloid thruster.
Droplets and ions are extracted from a conductive liquid
by applying a potential difference between the liquid and
the extractor electrode.
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devices. One should also mention the work of Veldsquez-
Garcia et al. [7] and Gassend [8] who studied integrated
electrospray thrusters using externally wetted cones rather
than capillaries.

For our experiments the ionic liquid EMI-BF, is used
which seems particularly suited for application in colloid
thrusters as it has no measurable vapor pressure and spraying
of ions, ion complexes as well as droplets has been
demonstrated [9], [10].

The novelty of this work lays in the combination of high
aspect ratio capillary emitters (height of 70um, inner diameter
of 20wm) with individual extractor electrodes having
diameters from 80um upwards and a spacing as low as 25um
from the capillary tips. An overview of the geometry is shown
in figure 2. Our experiments show that with high aspect ratio
capillaries so close to the extractor electrodes the critical
electrical field for spraying is reached at much lower voltages
than observed for other electrospray thrusters. The individual
integrated electrodes, as opposed to the standard approach of
one common extractor electrode for multiple capillary
emitters, allow for very high uniformity in critical voltages
between capillaries and hence more finely modulated thrust
control. Finally the current-voltage results presented in this
paper have all been obtained without applying a pressure to
the liquid, pumping occurred only passively by capillarity.

2. FABRICATION

Microfabrication of the thruster is divided into
manufacturing capillary arrays and extractor electrodes. For
vacuum testing the thruster is assembled onto a printed circuit
board (PCB) that serves as mechanical support. Figure 3
shows a schematic cross section of the thruster test assembly.
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Figure 2: Geometry of the microfabricated thruster. The
design includes variations in the extractor electrode diameter,
and the distance between capillaries and the extractor.
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Figure 3: Schematic cross-section of the integrated
thruster. The microfabricated thruster elements are
mounted onto a PCB that serves as support during
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Figure 4: Fabrication process of the capillary emitters.
The 70A thick buffer oxide is not shown

Capillary Emitters

The process flow for the capillary arrays is
summarized in figure 4 and is inspired by a design
presented by Griss et al. [2], modified to allow the
manufacture of large capillary arrays with flat tips. The
fabrication process starts with steam oxidation of a
silicon-on-insulator (SOI) wafer with a 100um device
layer, 1um buried oxide and a 500um handle layer. After
photolithography using AZ1518 photoresist the exposed
fractions of the 1.5um thick oxide are removed in a
buffered HF solution (a). This oxide layer defines the
standoff structures which will protect the capillaries and
allow bonding of the extractor electrodes during
assembly. Next a thin buffer oxide is grown acting as
stress relief for a subsequent 150nm LPCVD nitride layer.
The latter serves as local protection of the silicon during
steam oxidation. Finally an additional CVD oxide is
grown that serves as a hard mask. This oxide-nitride-
oxide structure is patterned by reactive ion etching using
an AZ1518 photoresist as mask. The following isotropic
RIE and deep reactive ion etch (DRIE) yield the
characteristic outer shape of the capillaries (b). After
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Figure 5: SEM photographs of the capillaries: (a) cross
section of a capillary before HF vapor etch. Notching at the
buried oxide is clearly visible. (b) tip of a capillary with 20um
inner diameter.

photoresist stripping and CVD oxide removal the wafers are
oxidized (c¢). The resulting 1.5um thick oxide serves as mask
during the second DRIE which is performed once the nitride
has been removed in a phosphoric acid bath. This DRIE
etches the inner hole of the capillaries. Once micromachining
of the front side is achieved the back side of the wafer is
etched up to the buried oxide using a combined oxide-
photoresist mask (AZ4562). Finally the buried oxide is
removed by means of a HF vapor etch [11] and the whole
wafer oxidized to improve wetting.

Extractor Electrodes

The two major constraints driving the design of the
extractor electrode are the electric isolation between capillary
emitters and extractor electrodes and the large beam half
angle. To avoid breakdown at the required extraction voltages
(kV), the insulator should be as thick as possible, at least tens
of microns. To allow for high capillary density, and to avoid
spraying onto the extraction electrodes due to the beam half-
angle of typically 30° the sum of extractor and insulator
thicknesses should minimized. We chose a minimum emitter
pitch of 250 microns, which then dictated maximum
thicknesses.

The process flow in which the silicon acts as extractor
electrode and etch mask [12] is shown in figure 6. The 50um
deep electrodes are etched into a 500um thick silicon wafer by
DRIE. A Borofloat wafer with a thickness of 250um is then
anodically bonded to the silicon wafer (i). To allow a dense
packing of the emitters the Borofloat wafer is thinned down to
80um in a HF 20% bath and the backside is machined in a
second DRIE (ii). Finally a thin layer of aluminum is
deposited that improves the electric contacts during final
assembly (iii).
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Figure 6: Process flow of the extractor electrodes.

965



EPFL-LNTS Acc.V 20kV

(@) (b)

Figure 6: SEM photographs of the assembled thruster. (a)
overview of an array. (b) detail of a capillary after spray
tests. Droplets, probably reflected by the retarding grid,
are clearly visible.
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Figure 7: Schematic of the electrospray test rig.

As it is problematic to obtain a homogeneous
backside etch over the whole 4" wafer, figure 6, the same
process flow is currently under investigation using SOI
wafers to improve the surface quality of the extractor
electrodes.

Assembly

Once microfabrication is complete the wafers are
diced and the chips assembled by gluing extractor and
capillaries together. Two alignment methods were
investigated: The first, manually aligning the chips under
a microscope by means of a multi-axis positioning stage,
yields an alignment accuracy in the range of +5 um. The
second approach has been to include groves on the chips
into which ruby balls of 120um or 200um diameter are
placed. Although this method was only attempted on a
few chips, as groves had to be etched into the Borofloat
using plasma etching, the observed results are superior to
manual alignment. Future developments will include
passive alignment features for chip level assembly and
anodic bonding for wafer scale assembly.

3. EXPERIMENTAL SETUP

Beam current and energy were measured to verify the
functionality of the microfabricated devices. Spraying
was carried out at pressures below 1x10°mbar to simulate
space vacuum. Figure 7 shows a schematic of the test
setup consisting of a vacuum chamber, high voltage
sources, a Faraday cup for current measurement and a
retarding potential grid to determine beam energy. The
ionic liquid EMI-BF,, used as fuel, was stored in dry
conditions to avoid contamination.

4. RESULTS

Measurements were carried out with various thruster

configurations and are described in more detail in [13]. Figure
8 shows a current-voltage curve of a single capillary, with
40um emitter-extractor distance, a capillary inner diameter of
20um and 140um diameter extractor. The measurements were
done by first increasing and then decreasing the voltage until
spray extinction, V, . The measured behavior and intensity of
spray current, in particular the characteristic local minimum,
correlates with current-voltage measurements reported in
literature for capillary pumped [10] and forced liquid flow [9].

Figure 9 shows the current-voltage curve for two emitters
with different extractor electrodes having 115um and 140um
diameter. As the voltage increases the first emitter starts
spraying at 700V, as the voltage is further increased a jump in
current is observed which indicates the emission starting from
the second capillary. As future spacecraft require thrust
ranging from micro- to millinewton this difference in starting
voltages could be employed to generate coarse thrust
modulation.
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Figure 8: Current-voltage curve for an EMI-BF, spray from a
capillary with 20um i.d. and a 140um diameter electrode
spaced 40um from the emitter.
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Figure 9: Current-voltage curve for EMI-BF, of two
capillaries with 20um i.d. with the extraction electrode spaced
40um from the emitters. The jump in current is due to the
different starting voltages for an extractor electrode with
115um and one with 140um diameter.
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Figure 10: SEM photographs of the capillaries. (a) array
of emitters. (b) capillary filled with EMI-BF, before spray
tests.

We have observed that spray current could only be
obtained for extractor diameters above 115um as
extractors with smaller diameter holes were quickly
jammed by the large droplets in the spray. No test results
are reported for large arrays as they were designed with
80um extractor hole diameter. Large droplets have been
observed on top of the extractor electrode, as is shown in
figure 6. Their exact provenance is still unclear, but it is
likely that they were reflected back to the extraction
electrode during retarding potential measurements.

S. CONCLUSION

A colloid microthruster prototype has been designed,
fabricated and tested. The developed microfabrication
process yields large arrays of capillary emitters and
extractor electrodes with well defined geometries. The
operation of the devices for several geometries has been
experimentally demonstrated. Beam currents in the order
of 300nA have been measured with starting voltages
around 700V and a method for coarse thrust modulation
by varying extractor electrode diameters.
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