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A Planar Array of Micro-Fabricated Electrospray
Emitters for Thruster Applications

Luis Fernando Veldsquez-Garcia, Akintunde Ibitayo Akinwande, Member, IEEE, and Manuel Martinez—Sénchez

Abstract—This paper reports the design, fabrication, and ex-
perimental characterization of a planar array of micro-fabricated
electrospray emitters intended for space propulsion applications in
micro-satellites. The engine uses the ionic liquid EMI-BF, as pro-
pellant. Electrospray engines take advantage of the electrohydro-
dynamic effect known as Taylor cone to produce thrust. The array
is designed with an open architecture and it is composed of a set
of spikes, i.e., emitters, coming out from a propellant pool. There
are two configurations for the emitters: fully sharpened slender
emitters, i.e., pencils, and truncated pyramidal emitters, i.e., vol-
canoes. The arrays have between 4 and 1024 emitters in an ac-
tive area of 0.64 cm”. The surface of the engine (tank and emit-
ters) is covered with “black silicon” that acts as wicking material.
The micro-fabrication of the engine is described. The paper reports
experimental characterization of the hydraulics system including
wettability tests, current/emitter—voltage characteristics, and im-
prints of the exit stream on a collector. Preliminary results demon-
strating the feasibility of obtaining substantially larger emission
currents at the same extraction voltage by controlling the temper-
ature are also reported. The paper compares the experimental cur-
rent/emitter—voltage characteristics with relevant theories of field
emission of electrons. [1433]

Index Terms—Black silicon, electrospray emitter array, ionic
liquid propellant, propulsion.

I. INTRODUCTION

MPIRICAL documentation on electrospray emission
Ecan be tracked back to the beginning of the seventeenth
century [1]. Probably the first person to report the emission of
charged particles from a conductive liquid meniscus in recent
times was Zeleny [2]. It was not until many years after his work
that Taylor proposed a simple model to explain the conical
shape of a meniscus under the influence of an electric stress
larger than a critical value; this explanation describes to first-
order what has since been known as the Taylor cone effect [3].

Within a few years after the publication of the work of Taylor,
papers on colloid thruster technology appeared, in particular
a series of papers authored by Perel and Mahoney [4]-[8].
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Their work focused on pressure fed colloid thrusters that use
low vapor pressure doped solvents and extraction voltages
that make the engine work in the highly stressed, i.e., multiple
Taylor cone, regime.

In 1975, Bailey published a paper on the temperature and cap-
illarity effects for colloid thrusters, specifically in surface ten-
sion driven propellant flow [9]. Such work concluded that cap-
illary-fed engines can perform as well as positive pressure-fed
engines, even with wide temperature variations.

The renewed interest on electrospray thruster technology in
the last years came mainly because of the appearance of new
space applications that require scaled-down efficient space en-
gines [10], and the advance in several fields during the 80’s
and early 90’s, in particular spray ionization and micro-fabrica-
tion [11], that made feasible low-startup-voltage, batch uniform
electrospray emitter arrays.

Recent work has been done on macro-sized colloid thrusters
that operate in the single Taylor cone regime and use doped
solvent as propellant, in particular by Hruby er al. [12]. Work
on internally-fed, micro-fabricated colloid thruster arrays that
work in the droplet emission single Taylor cone regime has also
been carried out, in particular by Paine [13], [14], Xiong [15],
[16], and Veldsquez-Garcia [17]-[19].

It has been known for some time that if the propellant is con-
ductive enough, and the flow rate is small enough, the Taylor
cone can emit solvated ions in a mixed regime [20]. The first re-
port on stable Taylor cones using high conductive ionic liquids
was made by Fuller ef al. [21]. In the year 2003 it was demon-
strated experimentally that it is possible to extract only ions from
electrospray sources that use ionic liquids [22]-[24]. Ionic lig-
uids are salts formed with relatively large organic cations and
anions that remain liquid at or near room temperature. In par-
ticular, the ionic liquid EMI-BF, is composed of the cation
ethyl-methyl-imidazolium (EMIT) and the anion tetrafluorob-
orate (BF ). EMI-BF, is ideal for space propulsion applica-
tions because of its physical and electrical properties, such as
near zero vapor pressure and large electrical conductivity [22],
[25]. The ionic liquid EMI-BF is known to emit two species, in
a rather fixed mix ratio; the emitted species are a monomer with
amass of 111 amu, and a dimer with a mass of 309 amu [23].

The thrust efficiency 77 is defined as the ratio between the
beam usable power and the supplied power. For the case of a
beam composed of two monochromatic charged species 7y is
given by [26]

N = e Mo ME (1

where 7; is the ionization efficiency, 7, is the transmission effi-
ciency, 7y is the angular efficiency, 7 is the energy efficiency,
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Fig. 1. Specific impulse I, versus tested voltage for an electrospray thruster
that uses EMI-BF, as propellant. The substantially larger I, that can be ob-
tained by using EMI-BF.;, compared to electrospray thrusters that emit droplets,
translates in larger mass savings and therefore, the engine would fare better in
long-term missions.

and 7, is the propulsive efficiency related to polydispersity. The
ionization efficiency is to first order 1 because the ionic liquid
EMI-BF 4 has a very small vapor pressure (so far undetermined),
thus only ionized species make up the beam. The transmission
efficiency is larger than 99% because the angular spread of the
beam is relatively low and well contained, and it is assumed
a good optical design to keep low the ion interception with
the electrodes. The angular efficiency is estimated to be better
than 98% for the beam divergence that has been measured on
EMI-BF, sources [26], [27]. The propulsive efficiency associ-
ated with polydispersity, is

[-[1-vF] o]
=[50

where 6* is the heavier particle to lighter particle specific charge
ratio (equal to 0.36 for the case of EMI-BF,), and /3 is the frac-
tion of the total current carried by the lighter particle, is set at
95.5%. The energy efficiency is defined as the ratio AV /V of
extraction voltage drop to total voltage. For low currents AV is
no more than a few volts [26]. The energy difference is probably
invested in extracting charged species directly from the liquid
surface. In conclusion, an electrospray engine that uses the ionic
liquid EMI-BF, should have an overall propulsive efficiency in
the 86% to 91% range [26]. The excellent propulsive efficiency
of an electrospray engine using the ionic liquid EMI-BF, as pro-
pellant is accompanied by large specific impulse values, as seen
in Fig. 1. The specific impulse I, is defined as
F

C
Is = = —
P meg g

Mp = )

3

where F is the thrust, m is the mass flowrate, g is the gravity’s
constant and c is the exit stream velocity. Therefore, it is pos-
sible to build efficient engines with a different specific impulse
and thrust range compared to electrospray engines based on
droplet emission. The ionic liquid EMI-BF, has a very low-
vapor pressure, making it suitable to be used in an open archi-
tecture engine, as shown in Fig. 2. This architecture has been
demonstrated for a single tungsten needle by Lozano et al. [27].
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Fig. 2. Schematic of an externally fed electrospray emitter. The propellant is
moved by the wicking material covering the hydraulics, due to surface tension
effects. The extractor electrode creates an ion-emitting Taylor cone on each
emitter. The accelerator gives to the stream the desired velocity, which deter-
mines the specific impulse.
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The emission of charged particles implies leaving on the
counter-electrode reactive species that can produce electro-
chemical effects if a sufficient double-layer voltage is allowed
to build up. Recent preliminary work has demonstrated that ac
operation of bipolar electrospray sources using ionic liquids
solves both the problem of the engine charge neutrality and
the electrochemical effects, making the concept of using ionic
liquids in electrospray engines feasible [28].

This paper proposes an electrospray engine that operates in
the single Taylor cone regime emitting solvated ions. The engine
utilizes an open architecture and the ionic liquid EMI-BF, as
propellant. The engine, illustrated in Fig. 2, is surface tension
driven. It is important to mention that externally fed electrospray
engines are not a true novelty because field emission electric
propulsion (FEEP) and liquid metal ion sources (LMISs) use
this source architecture [29]. What is novel in this work is the
extension of the use of an organic propellant by the introduction
of a method to produce many small, uniform emitters made of
silicon in a small area, including field enhancement features, and
the corresponding surface treatment to achieve wettability.

The engine lacks static pressure difference between the
plenum and the emitters; therefore, there cannot be propellant
emission unless it is electrically activated. In this sense, the
architecture of the planar array is less vulnerable to unplanned
propellant emission compared to pressure fed schemes. In the
proposed engine there is a flowrate match between the engine
hydraulics and what a Taylor cone can emit in a steady form.
The engine has a certain maximum pumping capability based
on the interaction of surface tension pulling and viscous losses,
and so the engine can deliver to the Taylor cones as much pro-
pellant as requested up to a certain maximum flowrate value.
Clogging is not an issue in this engine because the propellant is
not doped and the flow channels are open.

II. THE PLANAR ARRAY

Fig. 3 is a schematic of a proposed engine, structured with
micro-fabricated electrodes. Wafer I has the accelerator elec-
trode features, Wafer 2 has the extractor electrode features, and
Wafer 3 has the engine hydraulics. The electrodes are made
of heavily doped polycrystalline silicon to make the device
CMOS-compatible.
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Fig. 3. Schematic of the proposed planar electrospray thruster array with micro-fabricated electrodes.
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Fig. 4. A 32 x 32 pencil emitter array (left), macro-fabricated electrodes for a 2 x 2 volcano emitter array with its external extractor/package (right).

To obtain a proof-of-principle for the device, several
hybrid test devices were fabricated and tested, where the
electrodes where macro-fabricated and externally provided.
The implemented planar arrays have one propellant pool con-
taining between 4 and 1024 emitters in a 0.64 cm? area. Two
types of emitters were implemented: fully sharpened slender
emitters, called pencils, and truncated pyramidal emitters,
called volcanoes. The two types of emitters respond to dif-
ferent trade-offs between emitter performance and fabrication
robustness [18]. Fig. 4 shows an emitter array composed of
1024 pencil emitters, and the external electrodes for an emitter
array composed of four volcano emitters; as a guideline, the
emitter-to-emitter separation of the 32 x 32 pencil array is
200 pm. Fig. 5 illustrates the morphology of the two emitters
implemented in the planar array. Volcano emitters are intended
to emit from each of the sharp tips at the top surface boundary
with a tilt close to 45° while pencils are expected to emit almost
parallel to their axis. Typical dimensions for a volcano emitter
are: L., (the diameter of the circle that circumscribes the flat
top emitter surface) equal to 90 pm, L. (radius of curvature
of the top surface — to — lateral surface transition) equal to

Fig. 5. Selected pictures of emitters implemented in the planar array. (A) Top
view of a volcano forest; (B) single volcano; (C) volcano emitter tip; (D) pencil
field; (E) single pencil; (F) pencil emitter midway in its fabrication process.

6 pm, height equal to 270 pm; typical dimensions for a pencil
emitter are: /., (the size of the pencil body) equal to 50 pm,
I (radius of curvature of the emitter tip) equal to 3 pm, height
270 pm.

In operation, a thin propellant film covers the emitters of the
engine. The shape of the propellant free surface is determined
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Starting Voltage vs. Electrode Distance
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Fig. 6. Start-up voltage versus extractor separation for two volcano emitters using EMI-BF,. The plot on the left models an emitter with the same geometry of
the emitter modeled in the plot of the right, but with dimensions twice as large. The experimental points (coming from the testing facility with a fixed emitter-to-
electrode separation equal to 250 pm) fall inside the circle drawn on the left plot, about 25% off from the theoretical estimates. There is good agreement between
the finite element simulations and the reduced-order model; there is also corroboration of the modeling from the experimental data.

by the interaction between the emitter shape, surface tension
effects, and electrostatic pulling. When the electric field is larger
than a certain threshold, the surface tension effects cannot any
longer counteract the electrostatic pulling. The normal electric
field E,, acting on the free surface near an emitter sharp tip is
given by [30]

v

Lc,o : Lc

En=1- 4
where V is the applied voltage, L. is the radius of curvature of
the sharp tips, L., is the diameter of the emitter head, and 7
is a dimensionless factor. Therefore, the threshold electric field

Ey start obeys the following relationship:

N
L

€o 3
5 En7start > A-

> &)

where ¢, is the electrical permittivity of free space, -y is the sur-
face tension of the liquid, and A is a dimensionless factor. In
order to explore the design space, we ran a series of finite el-
ement simulations of the electric field around the emitter tips
using the commercial software Maxwell on the designed emitter
geometry. The emitter-to-extractor separation was varied for
the fixed geometry. Also, the designed emitter geometry was
scaled-down to 50%, and a similar set of finite element simula-
tions were carried out for a range of emitter-to-extractor sepa-
rations. We found good agreement between the 3-D finite ele-
ment simulations and the reduced order model that predicts the
starting voltage Vit as [18]

’Y'Lco 4G
Vistart = —1 6
start €o " \/Lc'Lc,a ( )

where G is the emitter-to-extractor separation, and 4G >
(Le.Le,)?. Fig. 6 illustrates the agreement between finite
element analysis and the reduced order model for the volcano
emitter type, as well as the corroboration of the modeling by
the experimental data.

Fig. 7 shows the estimated thrust of a 32 x 32 pencil array
based on the specific charge from the literature [22] and the I-V
characteristics (see Section IV) of an 8-tip volcano emitter array
heated to a temperature of 51.3 °C, assuming even distribution

30
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Fig. 7. Thrust versus voltage for a 32 X 32 pencil emitter array (0.64 cm? of
active area) based on I, estimates and /-V characteristics of a heated volcano
emitter planar array.

of the volcano emission from each of the sharp corners. The
thrust was calculated using the following expression:

1
F:m-c:g-Isp-z @)
m
where ¢ is the species charge, m is the species mass, and 7 is
the emitted current. We estimate that one of these devices can
deliver thrust in the 2-28 micro-Newton range, for voltages up
to 2500 V. For the thrust range and the I, values that this de-
vice can achieve, we think that the engine would be ideal for
any precisely controlled, low-thrust, time-nonlimited mission

for micro-satellites, in particular deep space missions.

III. MICRO-FABRICATION OF THE PLANAR ARRAY HYDRAULICS

The following is the fabrication process of the implemented
planar array, corresponding to the fabrication of the engine hy-
draulics and field enhancement system. The emitter generation
is achieved using a novel micro-fabrication process to obtain
deep (> 250 pm) 3-D features using hanging etching masks
with nonpassivated deep-reactive ion etching (DRIE). The fab-
rication of a fully micro-fabricated array, including a brief de-
scription of the corresponding set of optical masks, is discussed
in the cited reference [18]. Fig. 8 shows a graphical summary of
the process flow.

1) Deposition a thick layer of plasma-enhanced chemical

vapor deposited (PECVD) silicon oxide on both sides of
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Fig. 8. Schematic to illustrate the emitter micro-fabrication process. (A) top
silicon oxide layer patterning; (B) starting of emitter sharpening; (C) propellant
pool and emitter height definition; (D) completion of emitter sharpening.

the substrate. The film thickness is set by the selectivity of
the DRIE recipes that are used in the process flow.

2) Transfer of regions to form the propellant pools and the
emitters to the silicon oxide film on the top surface of the
substrate [see Fig. 8(a)].

3) Isotropic DRIE of silicon using SiO> as mask [see
Fig. 8(b)].

4) Anisotropic DRIE of silicon using SiOs as mask [see
Fig. 8(c)].

5) Complete emitter sharpening using isotropic DRIE. Re-
move the silicon oxide from both sides using 49% pure
Hydrofluoric acid (HF) [see Fig. 8(d)].

6) Wicking material formation. Form black silicon [31] on the
surfaces of the engine hydraulics.

IV. EXPERIMENTAL RESULTS

Experimental characterization of the hydraulics system in-
cluded wettability tests, current/emitter—voltage characteristics,
and imprints of the exit stream on a collector. There are also
included preliminary results demonstrating the feasibility ob-
taining substantially larger emission currents at the same extrac-
tion voltage by controlling the temperature.

A. Wettability Tests

The first series of tests carried out on the planar array was
intended to qualitatively verify smooth propellant flow to the
emitters, and diagnose the change in the wettability properties
due to the black silicon treatment. As pointed out in the pre-
vious section, silicon cannot be properly wetted by EMI-BF,
unless a black silicon treatment is performed on its surface.
Several other surface treatments, such as thin film deposition
of PECVD silicon oxide, physical vapor deposited (PVD) alu-
minum, and PECVD silicon nitride, were explored without suc-
cess. It was experimentally determined that the optimum black
silicon formation time, using a LAM 490B plasma etcher with
the parameters listed in Table I, is around 10 min. Fig. 9 shows
an Atomic Force Microscope picture of a silicon surface after
10 minutes of exposure to a black silicon surface treatment has
been carried out. The picture was taken using an Autoprobe
CP Atomic Force Microscope. The average surface roughness
was found to be equal to 137.15 nm. The black silicon treat-
ment creates on the surface an intricate network of trenches

JOURNAL OF MICROELECTROMECHANICAL SYSTEMS, VOL. 15, NO. 5, OCTOBER 2006

TABLE I
SUMMARY OF THE PARAMETERS USED TO FORMATION OF BLACK SILICON
USING A LAM 490B PLASMA ETCHER

PARAMETER VALUE

Pressure 200
(mToxrr)

RF Power 200

(W)

Gap (cm) 0.5
Helium 30
(sccm)

Chlorine 150
(scecm)

Fig. 9. Atomic force microscope picture of a silicon sample that received a
black silicon treatment on its surface.

Fig. 10. Field view of a pencil forest before propellant transport (left) and after
propellant transport (right), to demonstrate the use of black silicon as wicking
material for EMI-BF,.

that substantially increase the free surface of the substrate, thus
augmenting its wettability. The wettability contact angle for
several silicon samples, with respect to EMI-BF,, was mea-
sured using a Ramé—Hart contact angle goniometer model 100.
The wetting angle of the untreated silicon surface was found
equal to 27°, while the contact angle of the silicon sample with
the optimized black silicon treatment was found to be smaller
than 0.5°, causing strong spread enhancement of the EMI-BF,
liquid on the silicon treated surface.

Fig. 10 shows a series of pictures to illustrate the propellant
transport due to surface tension effects for a propellant droplet
placed at the center of an emitter array treated with the op-
timized black silicon recipe. In the left-hand side picture of
Fig. 10, the emitter array is free of propellant. In the right-hand
side picture, a thin liquid film, transported by surface tension
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Fig. 11. Schematic of the apparatus used to obtain imprints of the engine fans.
The emitter to electrode separation was fixed at 250 pm.

Fig. 12. Collage of SEM pictures to validate the uniformity emission claim.
Imprints of the exit stream on collectors using planar electrospray thruster ar-
rays: (A) 2 x 2 array of 8-tip volcano emitters at 51.3°; (B) 8 X 8 8-tip volcano
emitter array at room temperature. The circles surround selected impact sites;
imprints of the exit stream on a collector using a 32 X 32 pencil emitter planar
electrospray thruster array (C), and zoom of the fine imprint of a single emitter
(D). The collector area in all cases is 6.8 X 6.8 mm?.

effects, covers the emitter array after about a minute since the
propellant first made contact with the emitter array surface.

B. Emission Uniformity Tests

After wettability tests were made, the next battery of tests
was intended to demonstrate emission uniformity, both from
I-V characteristics and plume imprints on a collector electrode.
Fig. 11 shows an schematic of the apparatus that was used to
obtain the I-V characteristics and the collector imprints. The
emitter-to-collector separation was fixed at 250 pm while the
collector voltage was varied between 0 and 3250 V dc. The
pressure inside the vacuum chamber was smaller than 10~7 torr
while tests were in progress.

A key test of device operation is to determine if all electro-
spray emitters in an array are functioning. The best way to ob-
serve this is in real time; however, short of that approach, we
chose to monitor the material deposited by the emitters on a col-
lector (collector imprints) after operation. Fig. 12 is a collage of
SEMs of collector imprints take after operation of various de-
vices. Fig. 12(a) is an SEM of a 2 X 2 array of octagonal (8-tip)
volcano emitters operating at 51.3 °C while Fig. 12(b) is an
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SEM of an 8 x 8 array of octagonal (8-tip) volcano emitters op-
erating at room temperature. In Fig. 12(a) and (b), SEMs taken at
higher magnification clearly indicate 8 distinct collector imprint
patterns for each emitter, corresponding to the 8-tips of each
emitter. This is also an indication that the emission semi-angle
is very narrow. Fig. 12(c) is an SEM of collector imprints for
a 32 x 32 array of pencil electrospray emitters. The striations
of the background are from the machining of the aluminum col-
lector. Fig. 12(c) shows a two-dimensional array of deposited
dots arranged in a square pattern corresponding to the electro-
spray emitter array. This figure validates the claim that the emit-
ters are emitting uniformly because all 1024 imprints are regis-
tered on the collector, and the imprints are alike. Fig. 12(d) is a
close-up SEM of the collector imprint shown in Fig. 12(c) The
diameter of the dot is about 70 pm.

C. Fan Divergence Measurements

From Fig. 12(a) and (b) it was determined that the volcano
emitters emit propellant from each one of the sharp corners at
the top surface. An analysis of the distance between the collector
imprints and their position relative to the corners of the volca-
noes gives us estimates of the emission tilt angle and the diver-
gence semi-angle for the volcano emitters. Fig. 13 shows the
relationship between the emitter tip and the collector imprints,
illustrating the ion-emission tilt angle and the ion-emission fan
divergence semi-angle. The gap between the emitter and the col-
lector is about 250 sm. The distance between the horizontal po-
sition of the emitter and the deposits is about 140 pm, while
the imprint corona extends up to about 230 pm farther, corre-
sponding to an ion-emission tilt angle of 41.4°. The tilting angle
is close to the 45° theoretical value (sharp corner orientation);
a reduction of this ideal angle is expected from the electrostatic
pulling of the charged fan towards the collector. From the posi-
tion and width of the collector imprint relative to the emitter tip,
and ion-emission fan semi-angle of 14.1° was estimated.

The pencil emitters eject ions vertically; however, the ions
fan out due to space charge effects. From the width of collector
deposits and the gap between the collector and the emitters, the
fan divergence semi-angle is estimated at 9.5°. The divergence
semi-angle measurements for both volcanoes and pencils are in
agreement with divergence semi-angles reported in the litera-
ture, and a reduced order model presented by Lozano [23].

D. I-V Characteristics

Fig. 14 shows the I-V characteristics of two emitter arrays
with exactly the same emitter type and emitter dimensions, but
different number of emitters. The two emitted current/emitter
versus voltage characteristics agree, except for a small region
near the start-up voltage. This transition region might be due to
non-idealities in emission due to the collector not being parallel
to the emitter array (variations in the emitter-to-collector dis-
tance produce variations in the start-up voltage, as predicted by
the reduced-order model). Another possible reason is nonunifor-
mity in the dimensions of the emitters within the array that lead
to the existence of a start-up voltage band because all the emit-
ters do not turn-on at the same voltage. On the other hand, the
lack of perfect match-up can be related to a shift in the start-up
voltage due to the difference in the emitter density between the
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Fig. 13. Schematic to illustrate the fan semi-angle and the fan axis tilting angle, based on the corona peaks for a volcano emitter.
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Fig. 14. Current per-emitter versus square root of the extraction voltage for
two different arrays with different emitter densities but the same emitter kind
and size (one emitter is defined here as one 8-point volcano).

two arrays. It is important to point out that the current levels
for bias voltages close to the start-up voltage are of the order of
nano-amperes, and the signal-to-noise ratio might not be ade-
quate to draw good conclusions. Nonetheless, the emitted cur-
rents are of the same order of the currents emitted by tungsten
needles using EMI-BF, as propellant in a surface driven propel-
lant supply [27].

Finally, a temperature-controlled test was conducted to ex-
plore the possibility of substantially increasing the emitted cur-
rent for a fixed voltage. It has been reported in the literature
that the viscosity of EMI-BF, substantially decreases, while its
electrical conductivity substantially increases, for a rather small
temperature change [25]. Fig. 15 shows the -V characterization
for an emitter array heated to 51.3 ®C, where a current increase
of 20 times is obtained. This is much more than the factor of
about 3 for changes of viscosity or conductivity over the same
temperature range. More recent tests [32] indicate that the tem-
perature effect may not be reversible, but rather in the nature of
a conditioning of the surface, which persists after the tempera-
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Per Emitter Current (pa)

0100 T T T T T T T T T
3 3 39 40 4 42 43 44 43 46 47

Square root Extraction Voltage (V°-3)

Fig. 15. Current per-emitter versus square root of the extraction voltage for a
planar array at a controlled temperature equal to 51.3°C.

ture has been returned to its original value. More work is needed
to clarify this complex behavior.

In all /-V characterizations the experimental data can be de-
scribed by using a simple exponential fit of the form

I =I,(T) - eV/Ve(Dl )

where [,, V, and n are fit constants, but, as it will be seen in
the following section of this paper, there is uncertainty on the
exponent 7.

V. DISCUSSION ON FIELD EMISSION AND THE
I-V CHARACTERIZATION

Pending development of a complete model for the emitted
ionic current, possibly along the lines of LMIS models [29],
only some observations can be made at this point. The more-or-
less exponential variation of current with voltage (at a fixed tem-
perature) is reminiscent of the behavior of some limiting ion
emission laws. If in (8) we had n equal to 0.5, the Schottky emis-
sion model would be obtained; if » is equal to 1, the strong-field
limit Pool-Frenkel emission model results, while if n is set
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Fig. 16. Schematic of an stratified electrode. The distance between the ex-
tractor and the emitter body is maximized at the insulation columns, while the
emitter tips are brought as close as possible to the extractor rings to decrease the
start-up voltage.

at —1, then the Fowler—Nordheim emission model is obtained
[33]. The range of extraction voltages used in the tests appears
to be insufficient to provide a precise determination of n. If
a Schottky emission model is used, then the data correlation
coefficient is found equal to 0.9854, while the adoption of a
Pool-Frenkel model gives a correlation of 0.9895. In any of
those cases, the implication would appear to be that emission is
limited by the surface electric field value, and not by the supply
of fluid to the emission site.

If, on the contrary, the current were limited by the rate of fluid
supply, a balance of viscous drag versus electrostatic pull (at a
fixed geometry) would indicate a quadratic law of the form

V2 _ V2
p(T)

with V,, being the threshold voltage and (7"} de viscosity, de-
pendent on the temperature 7". Aside from the different voltage
dependence, this model would predict a current variation inverse
of that of the viscosity. In tests using EMI-BF, with tungsten
needles that are surface-patterned using wet chemicals, Lozano
reports current increase by a factor of 3 in the same temperature
range, which is consistent with the known variation of the fluid
viscosity [27]. Our tests, which show factors of the order of 20,
would appear inconsistent with this model. Unfortunately, the
recent observation of temperature irreversibilities further com-
plicates the issue of temperature dependence, and any viscous
effect could be masked by an apparently larger hysteretic effect.

I x 9

VI. FUTURE WORK

In order to take advantage of the clustering potential of this en-
gine concept, a suitable micro-fabricated electrode system must
be developed. This way, the engine can operate closer to the space
charge limited emission mode, with the corresponding efficient
usage of the emitter space available. Regardless of the electrode
system implemented, it should satisfy the following criteria:

* implementation of a standoff system to minimize the con-

tact area between the electrodes and the substrate;

* optimization of the emitter-to-extractor distance and insu-

lation gap. One way to implement this optimization would
be a stratified extractor, as shown in Fig. 16;

* robust electrode alignment.

It is desirable as well to systematically use the physics of the
emission and wicking materials to generate a more reliable en-
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gine design model that can predict thel-V characteristics. Also,
different emitter architectures should be developed to maximize
the emitter density; nonetheless, it seems the constraints im-
posed by field enhancement and fabrication would not allow
space charge limited emission [18].

Finally, more research on the elimination/decrease of the
electrochemical effects using ac operation is needed to extend
the engine lifespan and avoid the use of external neutralization.
In this regard, ac operation of an array of 16 8-point volcanoes
has been recently demonstrated by Lozano [32], with general
features comparable to those earlier observed with Tungsten
needles [27], but more detailed work is still pending.

VII. CONCLUSION

This work reported a hybrid micro-fabricated and macro-
fabricated silicon-based planar array of electrospray emitters
for thruster applications that uses EMI-BF, as propellant. It
also demonstrated the feasibility of high clustering, and uni-
form-steady operation of emitter arrays fed by the same propel-
lant pool. The paper also reported small divergence semi-angle
of the emission fan that is in agreement with the literature and
a reduced order model, and the possibility to vary the emission
currents using temperature. However, the details of the emission
mechanism need to be determined. Finally, the experimental
current/emitter—voltage characteristics of the planar arrays could
be described by a simple exponential fit; however, there is un-
certainty in the specific exponent of the voltage dependence.
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