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Abstract

MEMS technology is expanding into increasingly diverse applications. As part of a micropropulsion system, microthruster attitude
controls have been micromachined in silicon. This paper presents the microthruster design, fabrication, and test results. Fluid injected into
a microchamber is vaporized by resistive silicon heaters. The exiting vapor generates the thruster force as it exits a silicon micro-nozzle.
The vaporization chamber, inlet and exit nozzles were fabricated using anisotropic wet etching of silicon. With a 5 W heater input,
injected water could be vaporized for input flow rates up to a maximum of 0.09 cc/s. Experimental testing produced thruster force
magnitudes ranging from 0.15 mN to a maximum force output of 0.46 mN depending on fabrication parameters. chamber length, nozzle
geometries, heater power, and liquid flow rates. © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

The production of microspacecraft [1,2] may aid NASA
in decreasing launch costs, decreasing flight times, and
increasing mission reliability by redundancy of spacecraft.
MEMS technology is the key to the development of com-
plex miniature instruments, mechanical components, and
sensors required for microspacecraft because of its tremen-
dous flexibility and utility. In addition, fine positioning
attitude control thrusters are required on all spacecraft with
stringent slew rate requirements. This paper addresses the
necessity for micro-attitude control thrusters. While high-
pressure gas thrusters [3,4] have been proposed they re-
quire excessive mass due to tank and supply line require-
ments. In the work presented, liquid fuel stored at low
pressures exits the nozzle via the vaporization chamber
yielding thrust, eliminating the need for high-pressure
storage and confinement. While this concept has been
previously proposed [3,4], the following demonstrates an
efficient fabrication process and characterizes the mi-
crothruster’ s performance.
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2. Microthruster design

A micromachined chamber is heated to vaporize a
controlled liquid flow and eject the vapor for propulsion
through an exit nozzle of the microthruster [5]. Two dis-
tinctly different nozzle designs were implemented: a side
exit nozzle (Fig. 1) and atop exit nozzle. As shown in Fig.
1, fluid enters through an etched inlet via hole into the
vaporization chamber. The heater was placed on the sur-
face of the thruster since silicon is an excellent thermal
conductor. Glass, used to seal the microchambers in the
so-called asymmetrical design (Fig. 2), is a poor thermal
conductor and therefore compromises heater efficiency. It
was used only to provide a window for visual observation
of fluid flow and vaporization within the microchamber
during operation in this early development stage. Vaporiza
tion of the fuel in the microchamber has a longer pre-
vaporization warm up time because heat is being delivered
only to one side. However, even with the glass cover, the
silicon containing diffused heaters [6] provided sufficient
thermal contact and conductivity to effectively heat the
microchamber. A side exit nozzle is the major benefit of
this design. The nozzle in this configuration can be opti-
mized for maximizing specific impulse. In the top exit
design, the thickness of the wafer and etching technology
limits nozzle geometry, especially its length. Anisotropic
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Fig. 1. Diagram of edge nozzle microthruster.

etching from the wafer backside formed the fluid inlet to
the chamber producing an opening on the chamber side of
50 wm. Fig. 3 illustrates a top exit nozzle design where
“‘identical’’ wafers are silicon-to-silicon fusion bonded
[7-9]. This design, being more power efficient, alows
thermal input from heaters on both sides of the mi-
crochamber and utilizes the high thermal conductivity of
silicon. The vaporization chamber volumeis = 7.5 x 10
cm?® for both microthruster designs. The size and geometry
of the exit nozzle, vaporization chamber, and heater are
crucial in obtaining optimal performance of linear thrust.
However, development of an accurate model of these
effects was beyond the scope of this preliminary investiga-
tion. Therefore, a series of different microthruster designs
were fabricated to create a testbed for experimental com-
parison of performance. Exit nozzle flange angles (2°, 6°,
22.5°, and 45°), vaporization chamber lengths (3 and 5
mm), and three different heater geometries are variables in
the testbed. Both diffused heater element designs (Fig. 4)
had the same number of squares, and therefore the same
total resistance (= 200 ). The third heater geometry uses
silicon as the heating element; aluminum contact pads
annealed directly to the bulk silicon provide the electrical
connection.

3. Microfabrication
3.1. Diffused heaters

The microthrusters were fabricated in a 4 in. diameter,
(100) oriented, p-type silicon wafers. Wafers were cleaned
with the RCA cleaning process [10]. A thermal, wet oxida-
tion was performed at 1000°C to produce 0.8 wm of SiO,,
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Fig. 2. Asymmetrical thruster design with side nozzle exit.
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Fig. 3. Symmetrical thruster design with top nozzle exit.

which was used as a high temperature diffusion mask.
Standard photolithography and oxide etching in HF were
performed to open the heater patterns for diffusion of
phosphorous from solid source wafers at 925°C. Junction
depth was determined to be approximately 1 wm and sheet
resistance was determined to be 10-11 ) /sq. After diffu-
sion, the masking oxide was stripped with 49% HF. Next,
a thin (500 A), stress relieving thermal oxide is thermally
grown at 1000°C in dry oxygen. This was followed by
deposition of 1500 A of LPCVD silicon nitride. The
heaters are created in the silicon on the side opposite the
microchambers. An infrared aligner (Optical Associates)
was used to perform alignment of the heaters on the
backside of the wafers to the microchambers on the front
side. This requires use of an IR visible alignment mark on
the heater side of the substrate. Since the heater diffusions
are not clearly visible, an aluminum feature was created
next to the heater pattern for use in backside alignment.

3.2. Sructure definition

Photoresist was next spun onto both sides of the wafers
and photolithographically patterned, using the IR aigner,
to transfer the microthruster chamber, nozzle and fluid
inlet port patterns onto their respective sides of the wafer.
The silicon nitride was then etched by reactive ion etching
(RIE) in SK, + O,, followed by wet etching in a buffered
HF solution to remove the underlying oxide. The photore-
sist is then stripped and the exposed silicon is etched in 22
wt.% KOH /H ,0 solution at 60°C to form the microcham-
bers, nozzles and inlet holes.

Fig. 4. Heater designs.
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3.3. Bonding

3.3.1. Symmetrical design

After the KOH etch of silicon, nitride and oxide are
removed with 49 wt.% HF and the wafer is cleaned by a
modified RCA cleaning procedure (base clean, acid clean,
base clean, no HF dip). This activates the silicon surface
and prepares it for fusion bonding. Two identical wafers
are aligned using the IR aligner, making use of the etched
structures on the interior surfaces and IR imaging for
alignment. Once aligned, the wafers are brought into inti-
mate contact and pressed together to eliminate voids. The
pair was annealed for 10 min at 1000°C in nitrogen
followed by 50 min in dry oxygen.

3.3.2. Asymmetrical design
After the KOH etch of silicon, nitride and oxide are

removed with 49% HF and the wafer is cleaned using the
standard RCA procedure. The wafer was anodically bonded
(Karl Suss Anodic Bonder SB-6) to a glass wafer (Pyrex
#7740).

3.4. Shadow mask metal patterning

Shadow masking [11] was used to pattern the aluminum
contact pads for making electrical connection to the dif-
fused heaters. To facilitate alignment, matching pyramidal
pits were etched into both the device and shadow mask by
KOH etching. Gold balls were placed inside the pits of the

device wafer so that as the shadow mask was brought into
close proximity, the balls would key into the etched align-
ment pits of the shadow mask, aligning the two wafers.
With this alignment technique, we have been able to
achieve alignment accuracy of +5 wm [12], although for
this particular application, alignment accuracies of +20
wm is sufficient. The wafer pair was held together with
three small pieces of high vacuum /temperature tape placed
aong the pair edge. The pair was placed inside an e-beam
evaporator (CHA) and 5000 A of aluminum was evapo-
rated through the shadow mask and onto the device wafer.
The shadow mask was then detached; the device wafer
cleaned, and the contacts were annealed in Ar + 4% H, at
425°C for 30 min. The individual thrusters were then diced
apart and tested. For all the testing schemes, the asymmet-
rical, ‘‘no heater’” microthruster design was utilized. The
resistance of the silicon between the electrical contacts was
600 Q (Fig. 5).

4. Experimental testing

Initial characterization of the microthruster was per-
formed using water as the vaporization fluid, primarily for
convenience. A peristaltic pump (Pharmacia Fine Chemi-
cals Peristaltic Pump P-3) supplied liquid flow to the
thruster through Tygon 750 wm inner diameter (ID) tubing
which was attached to the thruster’s liquid inlet using
epoxy (J.B. Industro-Weld). The flow rate was calibrated

Fig. 5. Completed microthrusters.
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Fig. 6. Test set-up.

by filling a 1 cc syringe and dividing its volume by the
total filling time. Results obtained with water are expected
to be conservative relative to optimal performance results.
Fluids with a lower boiling point, lower heat capacity, and
lower heat of vaporization are easier to vaporize, require
less power, and have higher force capability [3]. The
vaporization characteristics of the side exit microthruster
as a function of water flow are graphed in Fig. 6 for a
constant heater input of 5 W. This data was obtained by
visually observing the chamber through the glass window,
varying fluid flow rate, and noting at what point along the
flow path within the heated chamber vaporization occurred
as measured from the outlet. It was observed that the
nozzle geometry had an effect on the presence of water
droplets in the output stream, but this effect has not yet
been quantified.

For the next series of force measurements, Fig. 7 shows
the set-up used for testing. A 1 cm section of 750 pm ID
Tygon tubing is attached to the microthruster’s fluid inlet
via by epoxy (JB. Industro-Weld). The tubing is then
attached to a liquid supplying stainless steel needle. Elec-
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trical contact to the microthruster is made using conductive
silver epoxy (Epo-tek H20E). Liquid is supplied to the
thruster at a constant flow rate using a screw-driven sy-
ringe pump. The liquid flows from the syringe pump to a
500 wm ID stainless stedl coil submerged in a 100°C water
bath for pre-heating. Exiting the coil, the fluid enters the
stainless steel inlet needle, via Tygon 750 wm ID tubing,
where its temperature is further elevated to 82.5°C hy
resistive heating coils wrapped around the needle (mea
sured by Omega 871 Digital Thermometer attached to the
needle at the microthruster inlet point). The liquid then
enters the microthruster heating chamber, vaporizes, and
exits the thruster via the outlet nozzle, producing force. As
shown in Fig. 7, the thruster is at one end of a rigid arm
the center of which rests on a knife-edge fulcrum. The
resultant thruster force was measured at the opposite end
of the arm by using a calibrated microbalance with 10 p.g
resolution (American Scientific Products SP-182). All cop-
per electrical wires run the length of the inlet needle and
exit at the fulcrum to minimize any force contributions due
to mechanical elasticity of the wires. The inlet fluid tem-
perature, voltage and current supplied to the thruster
(power), fluid flow rate and the resulting force were
recorded.

5. Results

5.1. Force at constant flow and pre-heat temperature
(82.5°C)

As seen in Fig. 8, the resultant force due to an increase
of the heater input voltage (15 to 110 V) was measured

Power source for
thruster heater

Delivery tube/
lever arm

Pre-heater
coils

Thrust

Fig. 7. Position inside chamber where water begins to vaporize (relative to total chamber length).
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and found to increase rapidly with input heater power. The
results shown in Figs. 8 and 9 required higher power than
initial testing as reported in Fig. 6. This is due to the
elimination of the insulation, reducing the inertial mass to
facilitate force measurements. Maximum force at which a
thrust roll off was observed was 0.31 mN. This correlates
to a heater input power of 7.8 W, a flow rate of 0.21
ml /min and an inlet temperature of 82.5°C. Increasing the
flow rate to 0.53 ml /min produced a greater thrust force
roll off point of 0.46 mN at 10.8 W heater input power and
82.5°C inlet temperature. The increased flow rate man-
dated a larger temperature differential between the inlet
fluid and microthruster heater to vaporize the increased
mass of liquid. This is reflected as an increased heater
input power to vaporization ratio. Each data point repre-
sents an average of 15 measurements. The non-zero base
line reading is due to the positive force of the fluid exiting
the microthruster.

5.2. Force at constant power (6.7 W) and flow (0.21
ml / min)

Origina testing of the microthruster was performed
using an inlet fluid temperature of 20°C (room tempera-
ture). To isolate the efficiency of the microthruster heater’'s
ability to vaporize the fluid from the energy required to
raise the temperature of the liquid to the vaporization
point, the initia inlet fluid temperature was elevated.
Q; =Q, + Q,. Q; isthetotal energy required to vaporize
thefluid. Q, isthe energy required to raise the temperature
of the fluid to the vaporization point. (Q; = mcAT; m=
mass, ¢ = heat capacity, AT = vaporization temperature
— initia inlet fluid temperature). Q, is the energy re-
quired to vaporize a liquid at the vaporization temperature.
(Q,=mL,; m=mass, L, = latent heat of vaporization).
Therefore, by minimizing AT, most of the energy supplied
to the microthruster heater will be utilized to cause the
phase change. From Fig. 9, it is shown that the average

Average Force vs. Heater Power
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Fig. 8. Average force output for constant fluid inlet temperature (82.5°C)
for two flow rates (0.21 and 0.53 ml /min).
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Fig. 9. Average force output for constant power (6.7 W) and flow rate
(0.21 ml /min).

force output of the microthruster is linearly proportional to
the inlet fluid temperature for a constant flow and power.

6. Summary

Utilizing conventional microfabrication and bonding
techniques, microthrusters were designed and fabricated,
and preliminary testing was performed. The thruster was
demonstrated to vaporize fluid and generate thrust. Thrust
measurements were obtained using modest power con-
sumption and a high heat of vaporization fluid, water. A
maximum force output of 0.46 mN at 10.8 W was ob-
served, however, the thruster does operate at 5 W, produc-
ing sufficient thrust for its intended application of attitude
control for microspacecraft. In preliminary testing of the
thruster, it was observed that better vaporization occurred
at lower power inputs than from subsequent experimental
testing. This is a packaging issue. The microthruster was
encapsulated in high temperature plexiglass chuck for va-
porization testing so the thruster was thermally isolated
form the environment. The force measurement set-up ex-
posed the microthruster to air on al sides, effectively
creating a heat sink, and thus requiring more power. Due
to experimental limitation, powers exceeding 11 W could
not be tested because of thermal breakdown of the epoxy
used. Future optimization of the chamber geometry, nozzle
geometry, and fuel choices will enable the thruster to
produce larger forces while decreasing its power consump-
tion. This microthruster is one component of a micro-
propulsion system. The presented design is relatively sim-
ple and could be readily integrated with other MEMS
components such as micro-valves, fluid mixers, and fluidic
interconnects [13].
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