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

Luis Fernando Velásquez-García, Akintunde Ibitayo Akinwande, Member, IEEE, and Manuel Martínez-Sánchez

Abstract—This paper reports the design, fabrication, and ex-
perimental characterization of an internally fed linear array of
electrospray emitters intended for space propulsion applications.
The engine uses doped formamide as propellant and operates
in the single-Taylor-cone droplet emission regime. The engine
implements the concept of hydraulic and electrodynamic flow rate
matching to achieve electrical control. The engine uses a set of
meso-scaled silicon deflection springs to assemble the hydraulics
to the electrodes, allowing to decouple the corresponding process
flows. The micro-fabrication of the engine is described and novel
technologies that were developed are reported. Experimental
results that demonstrate cumulative uniform and steady operation
are provided. Current–flowrate characteristics of the engine are
in agreement with a reduced-order model. Experimental data
demonstrating the low divergence of electrospray emitter arrays
operated in the single Taylor Cone is in qualitative agreement with
a reduced-order mode that assumes the absence of a thermalized
tail in the plume. [1420]

Index Terms—Electrical flow control, electrospray array,
propulsion, spring deflection system, three-dimensional (3-D).

I. INTRODUCTION

ELECTROSPRAY thrusters are electrostatic accelerators
of charged particles. These particles could be charged

droplets, solvated ions, or a mix of them. The exit stream is
neutralized either by bipolar operation of the engine (modula-
tion in space to achieve overall neutrality) or by a downstream
electron stream (positively charged exit stream). Fig. 1 shows
a schematic of an emitter unit, which is part of an internal
pressure-fed electrospray thruster array that works in the
single-cone, droplet emission mode. In Fig. 1, the engine
propellant plenum has stored propellant at a static pressure

. This propellant flows through a hydraulic system to the
emitters. The hydraulic system can be modeled as a hydraulic
impedance operating across a pressure difference. Two lengths
can be used to describe the hydraulic impedance: the hydraulic
diameter and the axial channel length . At the end of the
hydraulic system, there is an opening to the engine exterior,
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Fig. 1. Schematic of an internally fed electrospray emitter.

i.e., an emitter. There is a set of two electrodes in front of the
spout, the first one intended to extract charged particles from
the emitter (extractor), and the second electrode to accelerate
the particles to the desired specific impulse (accelerator). The
specific impulse is defined as

(1)

where is the thrust, is the mass flowrate, is the gravity’s
constant, and is the exit stream velocity. In order to maintain
the engine charge neutrality, a neutralizer is placed downstream
to provide particles with opposite charge that will mix with the
exit stream. The voltage between the extractor and the emitter
should be large enough to produce a single jet at each emitter,
but smaller than the voltage that would make the meniscus emit
multiple jets.

The existence of a bias voltage between the meniscus and the
extractor creates an electric field in the space between, in par-
ticular on the meniscus surface. The electric field will produce
electrostatic suction on the meniscus surface. The surface ten-
sion of the liquid tends to counteract the effect of the electro-
static suction. For sufficiently small bias voltages, the perturba-
tion of the equilibrium shape remains small. If the electric field
is larger than a certain threshold, the surface tension effects can
no longer counteract the electrostatic pulling and, therefore, the
meniscus snaps into a conic shape called a Taylor cone. The
Taylor cone becomes the equilibrium shape between the acting
electrostatic pressure and the surface tension reaction. To first
order, the cone semi-angle has a universal value of 49.3 [1].

The normal electric field acting on the propellant free
surface at the emitter tips can be described as [2]

(2)
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where is the applied voltage, is the inner diameter (cone
size), is the outer diameter, and is a dimensionless
factor. Therefore, the threshold electric field obeys the
relationship

(3)

where is the electrical permittivity of free space, is the sur-
face tension of the liquid, and is a dimensionless factor. A
more elaborated reduced-order model predicts that the threshold
voltage difference is given approximately by the expres-
sion [3]

(4)

where is the emitter-to-extractor separation, and
.

The total current emitted by a Taylor cone as a droplet fan
issuing from the cone apex is [4]

(5)

where is the relative electrical permittivity, is the surface
tension, is the electrical conductivity, is the volumetric
flowrate, and is a dimensionless function of the electrical
permittivity. For values larger than 40, the function tends
to a limit value experimentally found to be near 20. Equation
(5) is independent of voltage, but it applies only as long as the
single cone jet regime holds, which is in a narrow voltage range
near the start-up voltage [5]. Using (5), for an array of spouts
emitting uniformly, one can readily show that the relationship
between the total current and the total flowrate is given
by

(6)

where is the total number of emitters of the array. The specific
charge of the emitted species is defined as

(7)

where is the particle charge, its mass, and is the propellant
density. In a colloid thruster, it is desired to increase as much as
possible the specific charge because this implies larger specific
impulse values for a fixed potential drop

(8)

Therefore, the engine should use as little flowrate as possible,
down to , the minimum flowrate at which steady-sate op-
eration can be sustained [4]

(9)

where is the minimum value that the dimensionless pa-
rameter can get for stable Taylor-cone operation. The dimen-
sionless parameter is the square root of the ratio between in-
ertial and capillary forces evaluated at the point where the elec-
tric field is maximum (near the cone apex). Experimentally, it is
known that the minimum value for is about 1.

A reduced-order model proposed by Lozano [6] predicts that
the semi-angle divergence of the fan of formamide droplets
is given by

(10)

where is the dimensionless flowrate, is the electrical con-
ductivity of the liquid, and is the extraction voltage.

During the 1960s and 1970s, there was a substantial amount
of work done in the development of electrospray thrusters that
operated in the highly stressed (multiple cone) regime, both
using needles and slit geometries [7]–[9]. These engines had
low emitter density and had rather large beam divergence be-
cause of the mutual repulsion among the low-speed part of the
multiple jets.

Since the new advances in electrospray technology that
occurred in the late 1980s [10], the field of electrospray
propulsion has experienced a renaissance, specifically aiming
to provide efficient high-tunable precision low-thrust engines
for micro-satellites and high-accuracy astrophysics missions
[11]. Several attempts to develop micro-fabricated electrospray
thruster technology have been made in the last few years by
other teams [12]–[14]. Also, substantial work has been done in
implementing disposable, nongated, micro-fabricated electro-
spray sources for mass spectrometry applications [15]. Recent
work on electrospray technology in our laboratory has focused
on dense arrays of electrospray emitters for space propulsion
applications [3], [16]–[18]. The linear array reported in this
paper, which is one of the technology developments of our
research program, will be briefly described in Section II.

II. LINEAR ARRAY

Fig. 2 shows a set of pictures of the linear array and a 3-D
computer model of an exploded engine. The engine hydraulic
system is composed of one plenum, 12 manifolds, and 240 emit-
ters. The hydraulic system opens to the exterior at the propel-
lant plenum inlet and at the emitter tips. The emitters are sharp-
ened to reduce the startup voltage. The device requires approx-
imately 2000 V to get activated. The engine has implemented
electrical flow control, as will be described later in this sec-
tion. The electrodes are micro-fabricated with conductive paths
made of tungsten and electrical insulation provided by vacuum
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Fig. 2. Selected views of a micro-fabricated linear array and a 3-D model of
an exploded device. The extractor electrode pad and the plenum propellant inlet
are visible on the upper right picture.

gaps that are 350 long (shortest distance from an emitter tip
to the electrode conductive path) and 10- -thick plasma-en-
hanced chemical vapor deposited (PECVD) silicon oxide. The
engine body is covered with PECVD oxide to complete the de-
vice’s electrical insulation. The engine is its own package. To be
testable, the engine only requires a micro-fluidic port connected
to the engine propellant inlet and the appropriate electrode pad
wiring (the propellant plenum is used as ground). Each electrode
has a slit that becomes wider in the direction of emission (elec-
trode expansion). The electrode expansion is intended to min-
imize the possibility of particle interception by the electrodes
due to the beam divergence. Each electrode is physically sup-
ported by two post-like structures that are placed at either end
of the emitter tip array. This architecture provides good elec-
trical insulation because the electrodes touch the engine frame
only at a few points, away from the emitters (for practical pur-
poses, the electrodes are hovering on top of the emitters, with
no physical connection). The electrodes are hand-assembled to
the engine hydraulics using a novel technique that relies on sets
of meso-scaled micro-fabricated springs. [19] These springs are
patterned using deep reactive ion etching (DRIE) as part of the
process flows of the hydraulics and the electrodes. The spring di-
mensions are such that allow hand-assembling the engine with
the required precision (the maximum misalignment value was
set at 60 m for an electrode with an opening 300 m, wide,
separated 250 m from the emitter tips).

The emitter-to-emitter separation is 130 and the hydraulic
diameter is 12 . The engine uses highly doped formamide
as a propellant, with electrical conductivity in the 0.3–3.0-S/m
range. The formamide is doped with ionic salts. We have used
both NaI and LiCl as doping salts because we have found ex-
perimentally that they can be added to the formamide at room
temperature in such amounts that they can increase the electrical
conductivity of the formamide to levels of the order of 1 S/m
without precipitating. To the best of our knowledge, either salt
can be used for our application. The conductivity of the pro-
pellants used with the engine was determined using a Jenway
conductivity meter 4320.

Fig. 3. Micro-fabricated electrode, part of the electrospray linear array.

Fig. 4. Expected performance for the linear array: specific impulse versus
flowrate.

Fig. 3 shows one of the electrodes used in the linear array. To
avoid excessive electrode deflection of the electrode because of
the slot expansion in the direction of emission, the electrode has
a set of ribs that enhance its stiffness. A conductive path made
of W/Ti surrounds the electrode slot. This conductive path is
separated from the silicon substrate by a thick layer of thermal
+ PECVD silicon oxide. The conductive path has two pads for
electrical contact. The electrode has two clusters of displace-
ment springs that are used to assemble the electrode to the en-
gine hydraulics with the required precision. These spring sets
clamp into the post-like structures that the hydraulic subsystem
has.

Figs. 4–6 illustrate the specific impulse, propulsive power,
and expected thrust for the linear array when using a total po-
tential drop of 5000 V and doped formamide with an electrical
conductivity equal to 0.6 S/m as propellant. In these estimations,
the following is assumed: small divergence of the beam, no elec-
trode particle interception (optimized optics), a bias voltage be-
tween the extractor and the emitter such that a single Taylor
cone is formed on each meniscus (the rest of the potential drop
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Fig. 5. Expected performance for the linear array: propulsive power versus
flowrate.

Fig. 6. Expected performance for the linear array: thrust versus flowrate.

is set between the extractor and the accelerator), and evapora-
tion losses have been omitted (they should be smaller than 1%
given the emitter size [3]). The abscissa is given in multiples of

for the 240 emitters: 2.05 . The engine can
provide specific impulse in the 150–350-s range, and trust in the
50–650- range, while consuming power in the 100–500-mW
range. Therefore, the strength of this engine is not its specific
impulse, but its potential for use in highly tunable time-critical
low-thrust missions such as orbital transfer for micro-satellites.
The linear array is consequent with this application because
it integrates in a single chip the hydraulic impedance, emitter
head, and electrodes; the lack of need for an active pump (as
will be explained later in the text, the engine is electrically con-
trolled using a constant pressure signal) also is favorable for a
system with large constraints in weight, volume, and power, as
is the case of a micro-satellite.

The concept behind the electrical control of the linear array
can be summarized in the following points, and it is applicable
to many propellants/engine architectures.

• There is a pressure difference between the engine propel-
lant plenum and the external atmosphere surrounding the
engine. This pressure difference is used to feed the propel-
lant to the emitters. To first order, the pressure outside the
emitters is zero, thus making the pressure delta equal to .

• The pressure difference between the plenum and the ex-
terior is such that, given the hydraulic impedance of the
system, it provides a flowrate that falls within the range
of flowrates that can be steadily pumped by the Taylor

Fig. 7. Pressure difference and surface tension pressure versus L for a fixed
flowrate.

cones when the electrodes are activated. This is a rather
wide range of flowrates, experimentally known to be from

( is about 1) to 100 ( is about 10) [4].
• The pressure difference between the engine plenum and

the outside is smaller than the maximum pressure that
the meniscus at the emitters tips can withstand before
breaking/producing flow ( ). Therefore, no flow is pos-
sible unless the extractor electrodes are activated. The
fraction of the maximum surface tension pressure that
is actually applied at the engine tank is arbitrarily defined.
Fractions closer to unity will produce a meniscus with a
smaller radius of curvature.

• The extra pressure needed to break the meniscus and pro-
duce flow is externally supplied as electrostatic pressure by
the extractor electrode. The applied voltage between the
emitters and the extractor electrode will induce charge at
the surface of the meniscus that will set an electric field at
the meniscus surface, responsible for the electric suction at
the interface that will eventually generate the flow.

• Once the fraction of the maximum static pressure that can
be applied to the engine has been selected, the channel hy-
draulic diameter is obtained by equating the hydraulic loss
to the fraction of the maximum meniscus capillary pres-
sure. This flowrate matching implies for most electrolytes
a large length-to-hydraulic diameter ratio, i.e., large hy-
draulic impedance.

• High -to- ratios are obtained, while having the cross
section dimensionally controlled, by carving the feed chan-
nels along the top surface of the wafer.

• A small hydraulic diameter implies a smaller start-up
voltage, as predicted by (4).

Fig. 7 illustrates the hydraulic behavior of our engine concept
using doped formamide with . This figure shows
the propellant plenum static pressure (A) and several percent-
ages of the maximum reservoir pressure before producing flow
[100% (B), 75% (C), 50% (D), 25% (E)], all versus hydraulic
diameter for a fixed flow rate—three times the minimum flow
rate. The channel axial length is also fixed at 15 mm. In order to
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Fig. 8. Process flow of the hydraulic system. (A) Definition of flow channels.
(B) Definition of manifolds and plenum. (C) Oxide growth and spout frontal
area definition. (D) Wafer bonding and SiO deposition. (E) Spout sharpening
and engine release. In (C)–(E), two engines are shown facing each other.

electrically control the engine, the diameter should be larger
than , which is the hydraulic diameter value at the intercept
between the line of 100% surface tension and the pressure line.
The particular -to- ratio is given, for an emitter with con-
stant circular cross section, by

(11)

where is the surface tension of the liquid, is the fraction of
the maximum pressure that the meniscus can withstand before
breaking, is the flowrate through the emitter, and is the
liquid viscosity. Graphically, this is at the intersection of
the curve (A) with the curve whose fraction was chosen. The
intersection of the curves (A) and (B) define and .

To reach the desired , a second electrode, the accelerator,
is placed with a bias voltage with respect to the extractor. The
purpose of a second electrode is to maintain a sufficiently low
extraction voltage to assure that just one Taylor cone is produced
in each emitter, regardless of the voltage needed to reach the

/thrust goal.

III. MICRO-FABRICATION OF THE COLLOID THRUSTER

LINEAR ARRAY

The engine uses four silicon substrates, two for the hydraulics
and one for each electrode. The fabrication of the linear colloid
thruster array is composed of two process flows: one for the hy-
draulics and one for the electrodes. In both cases, 6-in, Si
double-side polished, lightly boron doped, 375- -thick sub-
strates are used. The engine is entirely patterned using plasma
etching, both reactive ion etching (RIE) and DRIE.

A. Process Flow to Produce the Hydraulic System

The fabrication of the hydraulic system required seven op-
tical masks and 12 photolithographic processes. The abbrevi-
ated process flow is shown in Fig. 8, and a short description is
given below.

Fig. 9. Cross section of one of the channels with its corresponding metrology.
The remaining SiO etching mask is still present.

The process starts with the definition of the alignment marks
on both sides of the double-sided polished 6-in wafers. A novel
chlorine-based plasma recipe, which produced black silicon
[20], was used to define the alignment marks in a LAM 490B
plasma etcher. The use of a black silicon recipe allows excellent
alignment during subsequent lithographic steps, even though
several films that are tens of microns have been deposited on
the wafer substrate.

Thesecond step in the process is the definition of the flowchan-
nels in the top surface of the bottom wafer. A novel anisotropic
chlorine-basedplasmarecipewas developed to uniformlypattern
square channels 12 wide and 15 mm long, with dimensional
variation smaller than 2% across the whole wafer, using a LAM
490B plasma etcher. The impedance of the flow circuit is strongly
influenced by the nonuniformities in the patterning, and, there-
fore, close dimensional control was required. Fig. 9 shows a se-
ries of pictures that characterize the flow channel formation. We
intended to etch channels with square cross section to make the
channel geometry robust to misalignments when wafer bonding
the substrates that constitute the hydraulics.

The third step in the process is the definition of the engine
manifolds and propellant plenum on the top surface of the
bottom wafer. A PR/ nested mask and a series of DRIE
without passivation phase were used to define these features, in
order to avoid stress concentrators and have a smooth hydraulic
transition between the tank, manifolds, and channels.

The fourth step in the process is the growth of a thin layer of
thermal silicon oxide on both wafers. This film has two functions:
etch stop for subsequent plasma etching steps and wettability
enhancer of the engine interior with respect to the propellant.

The next step is the definition of the emitters front surfaces
using a shallow anisotropic etch. Then, top and bottom wafers
are fusion bonded. Fig. 10 shows selected cross sections of the
bonded wafer pair.

The following step comprises the deposition of thick layers
of PECVD silicon oxide on both sides of the wafer pair. Thick
silicon oxide films are needed to mask the final silicon etching
steps of the hydraulic system because of the etch depth involved
and concerns about the etching selectivity of the plasma recipes.

The process continues with the definition of the springs
and the remaining engine emitter features on the silicon oxide
films. The silicon oxide films are anisotropically patterned with
a novel plasma recipe using and in an Applied
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Fig. 10. Selected cross sections of the bonded wafer pair. (A) Two manifolds in
cross section. (B) Transition between plenum and a manifold. (C) Cross section
of a set of channels. (D) Cross section of adjacent channels.

Fig. 11. SEM pictures of a thick SiO layer patterned to generate the spout
sharpening using (A) AME Centura 5300 and (B) AME P 5000.

Materials Centura 5300 high-density plasma etcher or an
Applied Materials P 5000 magnetically coupled R. F. plasma
etcher. As pointed out in the previous section, the springs are
used to later hand-assemble the hydraulics with the electrodes.
Fig. 11 shows the patterning of the thick silicon oxide layer in
the section that eventually becomes the engine emitters.

Then, the springs are covered with photoresist to protect them
from intermediate processing. After this, the engines are re-
leased from the bonded substrate, while sharpening their emit-
ters, by using a nonpassivated DRIE step.

The process concludes with the definition of the springs in the
silicon wafer stack using DRIE and coating the engine exterior
with a Teflon film. The DRIE step uses a pressure-controlled
plasma etching recipe that results in uniform vertical sidewalls,
and the oxide mask on top of the emitters acted as an umbrella
to protect the emitters from unwanted etching. The Teflon film
is intended to address wettability issues, and its thickness was
experimentally found to be a fraction of a micron. The coating
was carried out using the passivation cycled of a dedicated DRIE
recipe.

Fig. 12. Process flow of the electrodes of the linear array. (A) Definition of
conductive paths. (B) Silicon oxide etching masks patterning. (C) Electrode slot
patterning and electrode release.

B. Process Flow to Produce the Electrodes

To fabricate the electrodes, four optical masks, five pho-
tolithographic processes, and more than 60 fabrication pro-
cesses are required. The electrode has a conductive path made
of W/Ti on top of a 10- -thick PECVD silicon oxide layer.
Fig. 12 illustrates the abbreviated fabrication flow, and a short
description is given below.

The process starts with the definition of the alignment marks
on both sides of the substrate. As in the case of the engine hy-
draulics, black silicon is also used to pattern these features.

Then, the process continues with the growth and deposition of
on both surfaces. A 1- -thick layer of is thermally

grown, followed by a 9- -thick PECVD film using a
Novellus Concept One dielectric plasma deposition system. The
silicon oxide layers provide electrical insulation.

Third, the process continues with the deposition of thin layers
of Ti and W on the top surface, using an electron-beam physical
vapor deposition (PVD) system. Ti is the adhesion layer for the
W electrode. W was chosen as the electrode material because of
its sputter resistance.

The following step in the process is the definition of the elec-
trodes. W was patterned using a -based plasma chemistry
while Ti was patterned a -based plasma chemistry, using a
LAM Rainbow 9600 metal etch system. Fig. 13 shows a plasma-
patterned electrode conductive path.

Then, backside and front-side oxide layers are patterned. Pro-
vision was made for widening the electrode slot on the exit side
(bottom surface) to prevent particle interception. A set of ribs
was added to enhance the stiffness of the electrode. Also in-
cluded, but patterned on the front side, are electrode slots and
the springs that enable the assembly of the electrodes to the
hydraulics.

The process is completed with DRIE of the wafer front and
backside. The first etch uses a nonpassivated DRIE cycle to
widen the electrode slots. The second DRIE step defines the
electrode slots and the springs; in the second DRIE the elec-
trodes are also released. Fig. 14 shows selected cross sections
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Fig. 13. Detail of a plasma-patterned conductive line. The electrode slot is pat-
terned inside the loop.

Fig. 14. Electrode cross sections. Cross section of the electrode along its axis,
showing two of the ribs that enhance the electrode stiffness (upper left); cross
section of the electrode perpendicular to its axis, showing the electrode expan-
sion in the direction of the flow—wide arrows (upper right); 3-D model of the
electrode illustrating the two cross sections that are shown in the SEMs (bottom).

of a micro-fabricated electrode. A 3-D computer model is also
provided in Fig. 14 to better understand the SEMs of the cross
sections. Fig. 15 is an exploded view of the micro-fabricated
linear array where the different parts that constitute the engine
hydraulics and electrodes are shown, with the help of a com-
puter-generated 3-D model.

IV. EXPERIMENTAL RESULTS

A. Electrode Tests

The extractor was first evaluated for electrical breakdown
using the testing jig shown in Fig. 16. The test jig consists of
a PVC engine fixture and a resistive voltage divider connected
in series with the vacuum gap, as shown in Fig. 17. In case of

breakdown, the current through the vacuum gap is limited by
the larger resistor and monitored by the smaller resistor using a
voltmeter. If no breakdown occurs, the voltage drop measured
through the smaller resistor should be zero. The engine test setup
was inside a vacuum chamber pumped below using
two 70-L/s turbo-pumps. Tests were conducted at a pressure of

with no propellant present. Then, 2500 V dc was ap-
plied between the engine inlet and the electrodes using the elec-
trode pads. No breakdown current was measured by the Fluke
199 Scope Meter in 12 h of breakdown test.

B. Operational Tests of the Engine

Fig. 18 shows the test jig for evaluating the wet operation of
the engine, which is fed by a propellant system shown schemati-
cally in Fig. 19. The test jig was placed inside a vacuum chamber
pumped below using two 7000 L/s crio-pumps. The
propellant system that was implemented was inspired on work
done by other researchers in electrospray [21]. The propellant
system consists of a nitrogen tank, a mechanical pump, a pro-
pellant tank, and a supply line. The system uses mainly ultra-torr
fittings that allow for easy modification of the propellant supply
configuration. In this propellant system, a decoupled two-flow
pattern of propellant and gas is set. The nitrogen tank delivers a
gas flowrate driven by the pressure difference between the ni-
trogen tank regulator and the propellant tank . This
flowrate is equal to the flowrate drawn by the mechanical pump
via the pressure difference between the propellant tank pressure

and the pressure at the pump inlet . Once the propel-
lant tank pressure is set by the nitrogen flow, the engine will re-
ceive propellant at the rate set by the hydraulic impedance of the
engine and the propellant inlet tube, and the pressure difference
between the propellant tank and the vacuum chamber pressure
(this latter pressure is to first order 0). The nitrogen and pro-
pellant flows are considered laminar. The pressure losses at the
valves (when fully open) and connections are negligible because
they scale with the dynamic head of the flows, and the Reynolds
number related to either flow is small. Each tube part of the pro-
pellant system is described by a hydraulic diameter and an axial
length, as shown in Fig. 19. It can be shown from first principles,
assuming ideal gas behavior, constant temperature, and average
density for the nitrogen flow, that the propellant tank pressure
can be approximated as [3]

(12)

where and are the length and internal diameter of
the tube that connects the nitrogen tank to the propellant tank,

and are the length and internal diameter of one
of the two tubes connected in series that communicate the pro-
pellant tank to the mechanical pump (it directly attaches to the
propellant tank), and and are the length and in-
ternal diameter of the other tube connected in series that com-
municate the propellant tank to the mechanical pump (it directly
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Fig. 15. Linear electrospray thruster array fabrication characterization.

Fig. 16. Picture of the fixture setup used to diagnose the electrode breakdown
performance. The engine fixture includes (A) a claw-like appendix enabling
electrode contact from both electrode pads. The high-voltage resistor used (B)
is visible in the picture. The engine is energized by using the claw-like appendix
and the engine body [connected electrically with (C) a probe that compresses
the engine].

attaches to the pump inlet). For a fully developed incompress-
ible propellant flow, the pressure at the engine propellant inlet

is

(13)

where and are the length and internal diameter of
the tube that directly connects to the engine inlet, and and

Fig. 17. Schematic of the electrical circuit used to test the electrode breakdown
performance.

are the length and hydraulic diameter of the linear array. Table I
summarizes the different dimensions of the constitutive parts of
the propellant supply system.

The tank pressure was read using a commercial diaphragm
pressure sensor. After the pressure is set to a value that forms a
meniscus at the emitter spouts (but that does not produce flow),
the emitters receive a bias voltage of about 2000 V dc, leading
to the formation of Taylor cones and, thus, propellant emission
from the cone apex. A collector electrode is placed at the exit
of the engine. The collector was used to bias the emitters. The
flowrate coming out of the engine was measured using the well-
known method for measuring small flowrates by introducing a
bubble in the propellant plenum feed tube [21]. By measuring
the time it takes for the bubble to travel a fixed distance, it is
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Fig. 18. Linear electrospray thruster array mounted inside the test jig. (a) The
engine is inside the gap between two plates. (b) It is facing an external electrode
that is separated from the engine spouts (c) using a micrometric screw. (d) The
engine has a nanoport (e) connected to a metallic tube that receives an electrical
connection. (f) Bias voltage is received using the nanoport connection and a
cable connected to the electrode.

Fig. 19. Schematic of the propellant supply system used to test the linear elec-
trospray thruster array.

TABLE I
HYDRAULIC DIAMETER AND LENGTH OF THE CONSTITUTIVE PARTS OF THE

PROPELLANT SYSTEM. THE GAS TUBE CONNECTS THE GAS TANK AND THE

PROPELLANT TANK, THE INTERMEDIATE TUBE CONNECTS THE PROPELLANT

SUPPLY TO THE PUMP THROUGH THE PUMP TUBE, AND THE INLET TUBE

DIRECTLY CONNECTS TO THE ENGINE PROPELLANT INLET

possible to figure out the flowrate if the internal diameter of the
tube is known.

Fig. 20. Impacts from the linear electrospray thruster array on a collector from
two different tests/engines.

Fig. 21. Fine imprints from a manifold and zoom of the impacts. Collector
separation was 250 �m.

C. Electrical Control Tests

The concept of electrical control proposed in this paper
was experimentally verified by sequentially turning on and
off the power supply while having at the engine plenum less
pressure than what the meniscus can resist. This was done for
two engines, using formamide with an electrical conductivity
of 0.3 Si/m. Emission was verified by measuring the current
using the collector. The pressure was not varied during the
experiment. No leak was detected by optical inspection of the
test stage or the engine. SEM inspection of the engines around
the spouts did not show propellant traces away from the spout
exits. When propellants with electrical conductivities equal to
2.9 and 0.612 Si/m were used, then leaks near the spouts were
detected by visual inspection. In all cases, after cleaning the
engine exterior and leaving the engines inside sealed beakers
for days, it was verified that the leak was not a product of bad
wafer bonding: there is strong evidence that the propellant
came out from the engine only through the spouts and that the
spills were produced by propellant bursts from the emitters
because of wettability problems between the engine interior
and the propellant. These wettability problems will be further
discussed in a following section.

D. Cummulative Uniformity and Plume Divergence
Measurements

Fig. 20 shows pictures of imprints on an external collector
electrode made by the exit stream of 240 electrospray emitters
of the engine, after a long run (a couple of hours) is performed,
using NaI-doped formamide with electrical conductivity equal
to 0.3 S/m.

Fig. 21 is a magnified view of the imprints made by the exit
stream of a single manifold on a collector electrode. The left-
hand picture in Fig. 21 is a photomicrograph, while the right-
hand picture is a scanning electron micrograph (SEM). The
left figure shows that all 20 emitters comprising the manifold

Authorized licensed use limited to: MIT Libraries. Downloaded on February 1, 2010 at 14:06 from IEEE Xplore.  Restrictions apply. 



VELÁSQUEZ-GARCÍA et al.: A MICRO-FABRICATED LINEAR ARRAY OF ELECTROSPRAY EMITTERS FOR THRUSTER APPLICATIONS 1269

Fig. 22. Emitted current versus flowrate for a linear array fed with formamide.
In this experiment, the electrical conductivity is equal to 0.612 S/m.

emitted droplets and deposited material on the collector. The
right-hand figure shows that center-to-center distance between
the deposited material is 130 , corresponding to the 130-
pitch of the emitter design. The diameter of the deposits is
70 and fairly uniform. The imprints were obtained using
NaI-doped formamide with an electrical conductivity equal to
2.9 S/m. With and the operation conditions,
a semi-angle divergence equal to 8.06 is calculated using
the reduced-order model by Lozano [6]. The SEM in Fig. 21
shows that the diameter of the imprints is 70 at a distance
of 250 . A semi-angle divergence of 4 is estimated. The
difference between the reduced order model and the experi-
mental observation could be explained by the tendency of the
reduced-order model to overestimate the semi-angle diver-
gence, and the evaporation dynamics of the propellant after
hitting the collector electrode [3]. The imprints are deposits
of the propellant doping salt, left after the evaporation of the
solvent—formamide. The doping concentration is about 30%
by weight in the propellant used for this particular test. The
relatively uniform imprints suggest uniform charge density
inside the droplet fan and a sharp fan edge, consistent with the
assertion that the plume has no thermalized tail.

E. Current–Flowrate Characteristics

Fig. 22 shows the experimental data of an engine using LiCl-
doped formamide. The electrical conductivity of the propellant
was estimated at 0.612 S/m. The figure plots experimental data
as well as a model that assumes uniform emission from the
arrays of emitters under steady-state single-Taylor-cone emis-
sion mode. The current was measured using a Hewlett-Packard
micro voltammeter model 425 A. The flowrate was measured
using a gas bubble. The error bars of the current measurements
came from the current-meter specifications. The flowrate mea-
surement error bars came from using Gauss’ error propagation
law on the equation that gives the flowrate

(14)

where is the length that the bubbles travels, is the internal
diameter of the tube, and is the time it takes for the bubble to
travel the length .

V. DISCUSSION

We have experimental evidence that suggests that the starting
of a Taylor cone is not a clean process, especially if the meniscus
does not have a well-defined wetting front [3]. Lowly doped
propellants wet well the engine interior (propellant electrical
conductivity smaller than about 0.3 S/m); unfortunately, the use
of lowly doped propellants could make the engine work out-
side the region where electrical control is feasible. On the other
hand, highly doped propellants do not wet well the engine inte-
rior (propellant electrical conductivity larger than about 1 S/m).
Also, the external surface of the spouts is hydrophilic due to
its roughness from plasma processing, and this condition is not
corrected satisfactorily by the Teflon coating. We measured the
wetting angle of doped formamide ( ) on bare sil-
icon and on a silicon wafer covered with a 0.1- m-thick Teflon
coating using a Ramé-hart contact angle goniometer model 100.
The Teflon coating came from running for 10 min the passiva-
tion cycle of the DRIE process. We obtained 10.0 of contact
angle for the bare silicon sample and 88.5 for the Teflon-coated
sample. Therefore, even though the Teflon coating should sub-
stantially reduce the wettability of the propellant on the emitter
exterior, we speculate that the Teflon coating does not fill in
the spout roughness enough to satisfactorily improve its non-
wetting properties. The excessive emission of propellant during
the Taylor cone start-up can make the engine generate transient
arcs or sparks while in operation, possibly due to the large vapor
pressure in the gap between the emitters and the electrodes. This
is a serious issue that must be solved. The authors suggest a gas
phase treatment of the engine interior to change its wetting prop-
erties, while the exterior should be coated with a material that
will not wet.

The start-up of a Taylor cone works far better if information
about what is occurring at the emitter tips is fed back. For a
single emitter, this can be done by inspection of the emitter tip to
see if a good meniscus is formed; if that is the case, the emitter
is energized and, after Taylor cone formation is achieved, the
voltage bias can be reduced to obtain a stable configuration.
The actual engine testing setup does not have a way to visually
inspect the emitters. It is also important to define a good strategy
to diagnose, based on one or few emitters, the behavior of the
whole set. This could take the form of probes at the engine exit
to diagnose the droplet fans and use that information to correct
the engine operation.

Given the fact that these turn-on transients are present, it may
be desirable to use a different substrate material for the elec-
trodes to reduce the chance of a breakdown event by surface
contamination. An ideal candidate would be amorphous silica.
Another solution to this problem would be to cover the elec-
trodes with a suitable large breakdown voltage dielectric film to
reduce the possibility of arcing if the vacuum gap insulation mo-
mentarily collapses due to the excessive presence of propellant.

Another important issue that has not been addressed is the
neutralization of the engine. In all tests, the engine was part of
a closed circuit, and there was no need for neutralization. The
engine should not use an external neutralizer to avoid power
losses of the order of the propulsive power of the engine. A good
strategy would be to operate the engine in a dc bipolar mode,

Authorized licensed use limited to: MIT Libraries. Downloaded on February 1, 2010 at 14:06 from IEEE Xplore.  Restrictions apply. 



1270 JOURNAL OF MICROELECTROMECHANICAL SYSTEMS, VOL. 15, NO. 5, OCTOBER 2006

that is, to emit different polarities at the same time to reach on
overall engine charge neutrality.

VI. CONCLUSION

A silicon-based micro-fabricated linear array of electrospray
thrusters that used doped formamide as propellant and operates
in the single-Taylor-cone emission mode has been reported.
This paper demonstrated the feasibility of high clustering of
the emitters. It also demonstrated cumulative uniform emission
of the engine, and uniform-steady operation of the modular
units—a set of electrospray emitters fed by the same mani-
fold. Other demonstrations include small droplet divergence
in qualitative agreement with reported values in the literature
and a reduced-order model. The paper also reported novel
micro-fabrication techniques used to implement the engine. On
the downside, the paper also observed that the spouts of the
linear array did not have a well-defined wetting front because of
the inherent roughness of DRIE and the hydrophobic behavior
of the engine interior with respect to doped formamide, causing
the emission of propellant bursts in the startup process.
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