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Abstract

An ECfundedMicroPyrosprojecthaspermittedto developthetechnologieso fabricate assemblandcommandsolid propellantmicrothrusters
arraysfor thrustsof afew of milli NewtonsThe prototypebuilt for spaceapplicationhas100individually addressed 1.5mm x 1.5mm thrusters
on576mn?. Nozzles'throatsare250um and500um. This papemreviews the prototypestructureanddetailsthefinal processefor thefabrication
andassemblingThis papermpresentslsoanew addressingechnologybasedn polysiliconthresholdelementsisedfor theaddressingndheating
of eachthrusterin the array With polysiliconthresholdelementjgnition successs of 100%with aninput power of 250mW usinga zirconium
perchloratgpotassium(ZPP)material. Then,the comhustionof a glycidyle azidepolymer(GAP) is sustainedn thechamberandgenerataghrusts

in therangeof 0.3-2.3mN dependingf the micronozzledimension.
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1. Introduction

Thegrowinginteresin usingmicrospacecrafh spacendus-
try and governmentalagenciesis now establishedThe con-
straintsof mass,dimension,power and costwith microspace-
craftariseseveralchallengeso chooseheright systemandthe
besttechnologyto fabricatethe satellites subsystemsOne of
theseis the micropropulsionrmoduleto compensatéhe forces
actingonthesatellite to realizetheorbital manoeuvringndfor
the satelliteattitudecontrol. The preciserequirementsn terms
of delta-V dependon the mission.For mary low costmissions
asearthobsenation or scienceexperiment,not only arethrust
level andprecisionrequirementsmportantfor the choiceof the
propulsionoption, but alsothe mass power andthe reliability
will greatlyinfluencethe choice.Therulescanbe summarized
simply as:
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- Thesmallestandlightestwill bethebest.
- Thepower consumptiormustbereducedo its minimum.
- Thereliability mustbe maximum.

In this context, solid chemicalmicropropulsiorcouldrepre-
senta very interestingoption for stationkeepingapplications,
someorbitalmanoeuvresr mechanicatieployment,especially
wherelow costandlow power consumptiorarekey specifica-
tions.Theconcepandthetechnologyfor thefabricationof solid
chemicalmicrothrustergarevery simple:asolidenegeticmate-
rial storedin amicro machinedeserwir burnsandthegaseof
comlustionare acceleratedhroughan adaptechozzleto pro-
ducea thrust. The systemis flexible and could have a great
potentialfor applicationin the spaceindustry:the numberof
thrusterscanbe adaptedo the numberof time the propulsion
systemwill havetobeusedn aspecificmissionwhile thesizeof
theindividualthrustercanbetunedto obtaintherequirecthrust
force. Given theseabove reasonssolid chemicalmicropropul-
sion deviceshave beendevelopedwithin researchaboratories
in Europe,USA andAsiaandwill beovervievedin Section2.



In Europe the Micropyros project,bornfrom the collabora-
tion betweenthe LAAS, IMT,2 IMTEK,® SIC# ASTC? and
LACROIX andfundedby the EuropeanCommission(IST-99-
29047),proposedto develop a moduleof 10 x 10 addressed
microthrustergapableof generatinghrustin therangeof mN s.
More precisely within Micropyros: MEMS-basedrobust and
reliablefabricationtechnologiehave beendevelopedandvali-
datedfor therealizationof eachpartof the propulsionmodule.
A polysiliconbasedaddressingechnologyhasbeenalsodevel-
opedto addresandignite individually eachthrusterA portable
electroniccircuitry hasbeenimplementedo control the igni-
tion. A full designingpackagehasbeendevelopedto predict
ignition, thrustandthermalcrosstalk.Finally, characterization
meansincluding anignition testbench,a thrustbalanceanda
thrustvectormisalignmentave beensetup.

The focusof this paperis to review the designand present
thetechnologiesisedfor thefabricationandassemblingf the
10 x 10 addressethrustersThe otherpoints(modelling,elec-
tronic developmentandexperimentationshave beenor will be
reportedelsevhere[1-3].

2. State-of-the-art of solid chemical propulsion

LAAS hasinitiatedthesolidpropellantmicropropulsiorcon-
ceptin 1998[4] by proposingarraysof oneshotmicrothrusters
in athree-layersandwichconfiguration electricallyignited for
mN s impulsesapplications A few monthslater, an American
teammadeof TRW, Aerospaceand Caltechpublisheda sim-
ilar micropropulsionapproach‘Digital Micropropulsion”[5]
targetingimpulsesbelov 1mNs. In 2004,a teamfrom Singa-
pore[6] presented solid propellantmicrothrustertechnology
all fabricatedn asiliconwaferto produced.1mN's.Since1998,
numeroupaperonsolid propellanimicropropulsiorhave been
published7-13]. They areall basednthesameprinciple:one
solid enegetic material storedin a chamberis heatedup by
meansof an igniter until its ignition temperaturds reached.
As soonastheignition enegy andtemperaturarereachedthe
comlustionstartsandpropagategselfthroughthematerialcon-
tainedin thechamberThehotgasgeneratedby thecomhustion
is thenacceleratethroughthenozzle. Thediverging partof the
nozzleenablego guidethegasflow andacceleratét attheexit.
They canbe differentiatedon four mainpoints:

1. Thetype of enegetic material.A coupleof teamg[5,7] use
explosive thatensuresa chemicalreactioneven at very tiny
sizes (reserwir diameter<600u.m). But their reactionis
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unstableanddifficult to control, thatis why otherteamsas
Micropyrosonehave preferredthe useof propellants.

2. Ignition location: backsideor front side (gasreleaseside).
The front side ignition is the bestway to have a well-
establishedcomtustion process.But it requiresthe avail-
ability of atechnologythatallows the productionof heating
resistorondielectricmembranesuficiently robustto with-
standthefilling pressurebut alsosuficiently thin to break
rapidly whenpressurencrease$8,10,11] Someteamsfind
otherwaysasinsertingwiresin slotsto ignite on the front
sidewithoutmembrane$6].

3. Thesizeof eachthrusterandthe density The sizedepends
onthetametedperformanceandapplicationsfor example,
in attitudecontrol, the requiredthrustimpulsesare around
106Ns to 10°°N's [5,7,9,13] whereasposition mainte-
nanceand orbital maneuers will require more powerful
impulsesontheorderof 10-°Nsto 103N s[6,8,10,11]

4. The addressingtechnology The one shot characteristic
(thereforeconsumable)of eachthrustercan be compen-
satedby therealizationof arraysof individually addressable
microthrusterghat can be fired whenneeded2D address-
ing revealstechnologicalchallengesespeciallywhen high
integrationlevel is targeted Most consistof nonaddressed
matrixes[9—-13] or stacledthrusterssectorg6] requiringthe
samenumberof electrical conneions than the numberof
thrusterghuslimiting its application.More integratedtech-
nologiesbasedon silicon nitride micro bridge and CMOS
transistorhave beenproposedn [7] andthe integration of
silicon PN diodeshave beenalsoproposedn [8].

Micropyros propulsionmodule consistsof a 2D addressed
arrayof 100 1.5mm x 1.5mm solid propellantmicrothrusters
ona576mn¥ chip area. Eachmicrothrustehasbeendesigned
to produceimpulseof afew mNs. The heatingandaddressing
elementarelocatedatthetopsideof eachthrusterandonathin
membranensuringa low ignition power.

3. Review of the design, materials and technologies’
choices

3.1. Architecture and dimension

A solid propellantthrusteris in generakkomposedf acom-
bustionchambeyan igniter anda nozzle.For the design,two
differentapproachearepossibleithe so-calledplanarandver-
tical design(cf. Fig. 1).

The vertical approachconsistsof a stackof several wafers
to build thethrustergeometrywhereaghe planarone contains
all thethrusters parts(nozzle igniterandchamberjn thesame
wafer. In the planardesign,ary thrusterandnozzleshapesan
berealizedin one micromachiningstep.However, the vertical
designis moresuitablefor therealizationof arraysof thrusters.
In theplanarapproachindividual linesof thrustersvould have
to bestacledtogethetto obtainatwo dimensionabrraysandthe
integrationof theelectroniccomponentssuchasdiodeswould
be more complicatedfor the realizationof densearrays.For
thesereasonsa verticalapproachwas choserfor thedesign.It


http://www.laas.fr/
http://www.unine.ch/imt/
http://www.uni-freiburg.de/
http://www.ub.es/
http://www.astc.material.uu.se/

Seal

Thrusters wafer
(including the igniters)

Seal Nozzle wafer

A

— Igniter wafer
-~ Ay
_ ‘.?'?'r H/

e A l|

Chamber wafer

(b)

Fig. 1. Schematic view of the (a) planar and (b) vertical thruster design.

consists of four parts (sé€g. 2). The first silicon layer contains insulation. The electronic control module is placed underneath
the micronozzles. The second silicon layer holds the igniterghe thruster array.
and addressing elements. The third layer, in photoetchable glass
or silicon, holds the propellant reservoirs. A fourth Pyrex layer
seals the device. Anintermediary chamber can be added betwedn- C/0ice of the energetic material
the igniter and the propellant reservoir to have a reliable opera-
tion.
A high density of integration is ideally desired for the entire

The choice of the energetic material influences greatly the
design options and particularly the critical combustion dimen-
propulsion system. However, limitations appear when scalin ions. Two options are possible: either the use of available “safe”
down the dimensions due to the thermal crosstalk and combu airly insensitive materials such as homogenous or composite
tion considerations. Most propellants, even doped with metamgmpellant or the use of class 1:1 materials that are highly sen-
charges, do not have reliable combustion below the?rdire sitive and energetic. Micropyros team has preferred the use of
to thermal lossefl4]. For nanosat station keeping or de-orbit propellants (composite one) for three main reasons:
application, a previous evaluation of the thrust and total impulse
has led to the design of thrusters with chamber section over the These materials sustain a stable combustion originating from
mn¥ [15]. Based on these considerations and supported by sim- an oxidation-reduction reaction when a surface has reached

ulations performed at IMTEKL6], the chamber section of each
thruster is of 1.5 mnx 1.5 mm (circular design is also possi-

ble) and the width of the nozzle throat has been calculated to be

250pm and 50Qum, for a resulting impulse bit force of a few

its ignition temperaturel(). Rates of self-sustained combus-
tion in these materials are relatively low, of the order of a few
millimetres to a few centimetres per second as a linear phe-
nomenon. Deflagration is only possible under very particular

MmN s. The pitch between two thrusters is of 2.25 mm. For silicon
reservoir, the pitch is of 2.5 mm to include air groove for thermal

environmental conditions (very strong confinement and high
energy input), that are impossible in small volume.
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Fig. 2. Schematic view and dimensions of Micropyros thrusters’ shape.



2. They releaseaverylargequantityof gasat hightemperature
that makesthem particularly attractize for propulsion.The
variety of "of the shelf’ propellantss very large (homoge-
nous,simple base,double base,composite),and materials
more or less adaptedto the constraintsof targetedappli-
cations can be formulatedby adding metallic chages or
changinghebindertype[17-19]

3. Compositepropellantshave viscous physical appearance
beforereticulationanda solid appearancaftersothatasilk
screerprintingmethodcanbeusedto depositandfill asmall
cavity [20].

For Micropyrosthrusterstwo differentpropellanthave been
chosen:the first one is a compositepropellantmadewith a
glycidyle azide polymer mixed with ammoniumperchlorate
and dopedwith zirconium particles(called GAP in the rest
of the paper).GAP is containedin the reseroir part. A more
sensitve andenegetic substancezirconiumperchloratepotas-
sium (calledZPP),hasbeenalsoformulatedandis usedin the
igniter part to lower the ignition enegy and have a reliable
ignition.

3.3. Choice of the structural materials and technologies of
fabrication

The chosenapplicationand the vertical design approach
involve technologicakhallenge®f differentnaturesDifferent
partshaveto beassembletbgethetoformthecompletehruster
structure.Theseparts have to be compatiblewith the filling
andbondingproceduresindtheinterconnectionso theexternal
driving circuitry. Moreover, thewhole device will besubmitted
to relatively large variationsof temperaturavhenoperatingin
space.Therefore the materialswere evaluatedbasedon their
thermalandmechanicapropertiesDifferentmaterialssuchas
silicon (monocrystalline porous),glass (Pyrex, quartz, Fotu-
ran), ceramicsand polymerswere consideredA summaryof
theadwantagesnddisadwantageselatedo someof thesemate-
rialsis presentedh Tablel.

Onemaindisadwantageof ceramicmaterialss the difficulty
in theintegrationof electroniccomponents?olymersareapos-
sible candidateo malke a singleshotthrusterbut mechanically

Tablel
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Fig.3. Symbol,equialentelectricschemandcharacteristi¢(V) of anelemen-
tary addressinglement.

andthermallyunstablefor their applicationin thefabricationof
an integratedarray of microthrusterg18]. Therefore the pro-
cessingwas mainly performedon silicon and glass(Foturan)
waferswith, respectiely, theadvantagesf ahighmeltingpoint
andof alow thermalconductvity, to benefitfrom theknow-how
relatedto the silicon technologyandto easethe integration of
the electronicccomponentmecessaryor the addressingf the
individual thrustersn thearray

3.4. Choice of the addressing technology

We have chosemanaddressingrinciple basedon the useof
polysilicon symmetricalthresholdslementdor two mainrea-
sonslt permitstorealizetheheatingandaddressinunctionsin
asinglelayerof polysilicon.It alsopermitstherealizationof an
addressablarrayof heatingelementsvith asimpleprocessand
canbe implementedon bulk silicon and on suspendediielec-
tric membraneFig. 3 gives the symbol,the equivalentelectric
componentandits electricalcharacteristic.

VThresholdiS the thresholdvoltageof anelementanthruster

Eachsymmetricathresholcelementonsistof severalZener
polysilicondiodes(P+/N+)in seriesasshavn in Fig. 4.

The symmetryof thethresholdelement(cf. Fig. 3) doesnot
permitto distinguisha forward or reverseelectricalbehaiour.
But, we distinguisha “blocked state” (Iste~ Isa) for a volt-
age lower than |Vnreshold @and a “conductive state” for a
voltage greaterthan |Vrhreshold- IN the conductve state,the
guasi-linearvariation of the currentwith the voltage can be
modelledby a serial resistancecalled “Rs”. VrnresholdCanbe

Advantagesanddisadwantage®f differentmaterialsconsideredor thefabricationof micropyrotechnicakystems

Micromachining technology Advantages

Disadvantages

Silicon
Bulk micromachining
Surface micromachining

Ceramic
Dry etching Low thermal conductivity
Injection molding

Glass
Wet etching Low thermal conductivity

Dry etching

Well known technology
CMOS compatible
High melting point

High thermal conductivity

Difficult to integrate electrical components

Low melting point (Pyrex, Foturan)
Limited 3D machining




Polysilicon film 4. Review of the fabrication processes
Metal lm[l""“"i\‘l P+  Implanted N*’/Diff“se" 4.1. The matrix of addressable heating elements
-—.—-—/L A 4in. 350um thick silicon wafer is thermally oxidized.

Then, the wafer is coated with silicon rich low pressure chemical
Silicon P s vapor deposition (LPCVD) nitride. The resulting thickness is of
wafer 2pm. Inathird step, alayer of 04om of polysilicon is deposited
by LPCVD at 605°C. This polysilicon film is doped N by
an arsenic implantationNp =5.102 cm=2 = R = 5009/0).
Then, the polysilicon film is etched by reactive ion etching
_.'\/\/\MM‘QD}W\/\/.* (RIE) to pattern the igniter's shape. The film is doped P++ by
X i a Boron implantationXa = 1.1¢°cm=3 = R = 30/0) only
Zener polysilicon diodes (P+/N+) on selected parts with a photoresist mask Ef. 6a). This
Fig. 4. Elementary symmetrical threshold elements cross-section and its electrie++ implantation permits to create the N+/P++ junctions. The
schematic. selected heater zone is then protected by a PECVD oxide and the
non protected polysilicon zone is then heavy doped by diffusion
adjusted to a lower value by reducing the number of polysili-of phosphorusp > 10%* cm™3 = R = 20Q/0J). Next steps are
con diodes or increasing the doping level of theiMplanted  the deposition of a passivation layer (g)(the contact opening
zone. and the Al metallization. Final step is the back side deep reactive

For the ignition, we exploit the thermal dissipation gener-ion etching (DRIE) to liberate the membrane. The process steps
ated by the current passing through the Zener polysilicon diodegre summarized ifig. 6b.
and in the resistive parRg). Therefore, addressing an array of ~ Several arrays have been thus procesbegl. 7 gives pho-
heaters with symmetrical threshold elements is based on the difos of realizations: (a) is an elementary polysilicon threshold
ference betwee®Threshold@nd 3x Vrhreshoidinstead of on an  element, (b) is a back side view of nine cells where we can dis-
absolute value o threshold Any modification in theVrhreshold  tiNQuish the polysilicon element by transparency and (c) is a
value induces a proportional evolution of all the others guaranphoto of the entire array of 100 elements where 40 contacts are
tying the functionality of the addressing even if the range of thevisible (only 20 are used).
applied voltage is changed. Therefore, with this technology, the
most important parameter is the good homogeneiW @feshold ~ 4.2. The chambers matrix
in the array, and not th&rpreshoigabsolute value.

The parasitic circuit can be modelled as three groups (G1, G2, Two chambers materials have been considered to serve as
G3) of symmetrical threshold elements in series. The G1 groupropellant tank: silicon and Foturan. On one hand, the main
is constituted by all the cells of the same line as the selected onadvantages of using silicon lie in the existence of highly devel-
The G3 group is constituted by all the other cells of the selectedped and controlled fabrication processes and in its high melting
row. The others cells (other lines, and other rows) are the Gpoint. Moreover, the realization of the microthrusters parts using
group. As there are three groups in series, betwég@kesholg  only silicon would minimize the thermal expansion mismatch
and 3x Vrhreshold the parasitic current is reduced (cf. graph between the materials. On the other hand, Foturan offers a lower
of Fig. 5 and 99.9% of the applied power is dissipated in theheat conductivity that can result in a better thermal insulation
selected thruster. between the chambers, which could be of importance when con-

Iapp[y Lactuation Iparasilic
—

— Lapply Lo '
G1 \‘&\ ’T;’ parasitic 4 . ‘Vlhr‘rers‘hold
Lactuation| " Gl1 \;l

Vaooly ﬁ ;ﬂ: \&_ e i

1
V threshold Y actuation V threshold

Fig.5. Addressable array and equivalent electrical mdglglyis the applied currentto the complete arféypy is the applied voltage to the complete ard@yationis
the part of the applied current flowing through the selected thrusigsiticis the part of the applied current lost in the non selected thrusigs= actuationt Iparasitic
V' ThresholdiS the threshold voltage of the parasitic circuit (non selected thrustepleshoic=3 X VThreshold



N++ Diffused A double side photolithography is used to pattern both the top
and backside of the wafer. First, from the topside, the silicon
wafer is etched to about 578n deep. Then the wafer was

P+ Implanted turned over and the silicon wafer was etched through from the

backside. Since a complete combustion could not be obtained

' ' | N+ Implanted (see Sectiormb.3) using chambers separated by 1 mm-thick sil-
L icon walls, thermal insulating grooves were also implemented
to decrease the heat loss paths and evaluate their effect on the
. thermal crosstalk between neighbouring cells during the propel-
lant combustion. The width of the grooves was of 250 and

Step 1 500p.m with, respectively, 100m and 5Q.m wide Si arms

Folysiieon holding the different chambers togeth&ig. 8).

Memibrane Due to the aspect ratio dependent etching rates of BRIE

Wafer a special mask design is used to through-etch the narrow grooves
without over etching the wide chambers. It consists of etching
the perimeter of the structures with a trench. When the etch-
ing reaches the bottom of the wafer, the chamber middle piece

P+ N+ becomes separated from the bulk of the wafer, as illustrated

in Fig. 9. Since the trench width corresponds to the insulating

grooves dimension, all structures are etched at the same rate and
no significant over etching is noticed.

Wafer Arrays of chambers were etched in 1 mm-thick silicon wafers
using the described double side DRIE proc&3g.(10. Anodic
bonding of a 30@um thick Pyrex wafer was used to seal the
chambers on one side. Another way of proceeding to avoid any

;

\

—_

a)

|

Step 2

Polysilicon
Membrane

|

Foturan is a photostructurable glass from Schott that can
be anisotropically wet etched. The Foturan wafers used were
1 mm-thick and each fabricated chambers covered an area of
Step 4 . o 1.5mmx 1.5mm. The glass was exposed to UV light through
N e S Silivomgeydel Ay an aluminium thin film mask in which the structures were pre-

= viously patterned. After the removal of the aluminium layer, a
heat development step was performed using temperature ramps
with plateaus at 510C and 595 C. During this heating step, the
Wafer exposed glass crystallized around the silver atoms whereas the
unexposed parts stayed in their glassy form. Finally, the etch-
ing of the exposed areas, which presented an etch rate about

(b) 20 times higher than that of the vitreous region, was done in

a 10% solution of hydrofluoric acid at room temperature using
Fig. 6. (a) Layout of one threshold element. (b) Addressed igniters’ array mair}Jm ultrasonic bath. When making chambers closed on one side,
process steps. the etched cavities had a non uniform profile at the bottom and

o ) variable thicknesses, even though the surface to be etched faced
sidering the thermal crosstalk between a single thruster and itge pottom of ultrasonic bath to help the evacuation of the etched

Step 3 b N Silicon oxyde s silicon interconnections between the chambers walls would have
= + . o
- been to anodically bond the Pyrex wafer on the silicon and etch
* Polysilicon the silicon wafer afterwards.
Membrane
Waf 4.2.2. Foturan chambers
afer

|

L

Polysilicon
Membrane

closest neighbours]. material. Therefore, through-wafer holes were etched from the
top and backside of the glass wafer at the same time. The influ-
4.2.1. Silicon chambers ence of the position of the wafer in the ultrasonic bath was

The silicon chambers are realized by deep reactive ion etchavestigated and the evaluation of the results showed that differ-
ing of silicon, using the Multiplex ICP (ASE HR) with the Bosch ent wall profiles could be obtained. The topside is defined as the
procesq21] from Surface Technology Systems (STS). Cham-side that faced towards the lamp during the UV exposure. Arrays
bers with an area of 1.5mm1.5mm are etched through in of 100 chambers have been fabricated in 1 mm-thick Foturan
525um and 1 mm thick double side polished silicon wafers. Awafers with the topside of the wafer placed upside down in the
thick thermal oxide and a thick photoresist are used as maskiltrasonic bath to minimize the curvature of the walls and the
In the case of 1 mm-thick wafers, they are etched in two stepsion uniform widening of the chamber dimensiofsg( 11a).



Fig. 7. Photos of realizations: (a) elementary cell, (b) back side view of nine cells, (c) entire matrix topside view.

Dimensions [um] :

Design A | Design B
W, g | 100 50
W, | 375 250
w, | 250 500

Fig. 8. Schematic view of the design of the chambers with the insulating grooves.

The widening of the structures could be compensated by athickness of the wafer was also affected by the etching process; a
appropriate mask design. The fabricated chambers exhibitedraduction of 100-150.m of the wafer thickness was measured.
negative wall profile with an angle of 228s reported if23] (i.e. A polishing step should be performed to have reservoirs with a
the chamber backside is larger than the topdtig, 11b). The  reproducible volume of propellant. The optimization of the pro-

7 A

(a)

Fig. 9. Chambers and grooves etching principle: (a) the grooves and chambers outline are etched, (b) the wafer is through-etched and theisitive mpiebe

of the chamber comes off.

b

Fig. 10. Cross-section of 1.5 mm1.5 mm chambers with (a) the 50@n-wide grooves, (b) the 250m-wide grooves etched by DRIE in a 1 mm-thick Si wafer

and sealed by the anodic bonding of a Pyrex wafer, (c) Top view of the chambers array.
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Fig. 11. (a) Photo of the Foturan chip, (b) SEM cross-sections of Foturan chambers made with the wafer with the UV exposed face up in the ultrasonic bath.

cess could include the control of the intensity of the UV light forming a photolithography on a silicon wafer with three dimen-
exposure and the use of a laser instead of lamp or modified masional structures. The process starts with the deposition of a

patterngd24]. 200 nm LPCVD silicon nitride on a 3Q0m-thick double side
polished silicon wafer. The silicon nitride film is patterned on
4.3. The nozzles matrix the front side of the wafer and completely removed on the back-

side using reactive ion etching. The patterned silicon nitride film

The design of the nozzle consists of a cavity, a throatcorresponds to the area of silicon to be wet etched and will be
and a diverging part Hig. 2. The 50um deep cavity used later in the fabrication process to protect the silicon dur-
(1.5mmx 1.5 mm) prevents the membrane of the igniter toing the growth of a silicon oxide masking layer. Auin-thick
touch the nozzle part when bending during the ignition pro-CVD silicon oxide film and a thick film photoresist (AZ-4562)
cess. To develop the fabrication process, the target value for trae used as a mask during the conic DRIE of the silicon wafer.
anglex has been set to 10DRIE was investigated to etch holes By varying different parameters during the DRIE process (see
with inclined walls in silicon. The number of silicon etching Table 2, such as decreasing the gas flow and increasing the
steps needed is reduced to two. Circular holes were dry etchgzbwer of the radio frequency coil and plate during the passiva-
through a silicon wafer. Deep reactive ion etching of silicon,tion cycles, modifying the time of the etching and passivation
using the Multiplex ICP (ASE HR) with the Bosch process fromcycles and finally using a mix of low and high frequencies, a
Surface Technology Systems was used. A process was developa@ximum angle of 4 was obtained. The angle is limited by
to obtain walls with a negative angle to form the diverging partthe Bosch process in itself and by the mask design. Indeed, by
of the nozzle. Then from the same side, the silicon wafer is weinverting the mask polarity, the silicon plugs etched had walls
etched in KOH to structure the wide cavity. Finally, the wafer iswith higher angle values were obtained.
flipped over to obtain the final structure asHiy. 2 Once the diverging parts are etched in the silicon wafer and

The description of the fabrication process is giveRig. 12  the masking layers removed, a thick silicon oxide film is ther-
The sequence of the processing steps was chosen to avoid parally grown. After the etching of the silicon nitride film using

200 nm LPCVD Si,N, 1 um th. SiO,
=" .
1 um CVD SiO, AZ4562 RIE
*

conic DRIE KOH

B

HF

Fig. 12. Schematic description of the fabrication process of the nozzle part which includes two silicon bulk micromachining steps.

Table 2
Variation of the DRIE process parameters investigated to obtain negative conic holes (E = etching cycle, P = passivation cycle)

SFK (sccm) Q (sccm) GFsg (sccm) Pressure (mTorr) RF coil E/P (W) RF plate E/P (W) RF plate HF/LF Cycle E/P (s)

200-300 10 80-150 5-35 2500/800 15-30/10-20 Both 5-12/3-5
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Fig. 13. Cross-section of 1.5 mm1.5 mm nozzles with (a) a 5Gm-wide throat, (b) a 25@m throat etched by DRIE in a 3Q0m thick Si wafer; the 5gum-deep
cavity was realized using KOH etching, (c) top view of the nozzles array.

reactive ion etching, the silicon oxide filmis used as a protection The intermediary chamber is then glued to the filled part A
during the wet chemical etching of silicon in a KOH solution with the same procedure. Finally, the two wafers stacks are again
(40%, 60°C) to form the cavity used as a gap between the throabonded together by thermal epoxy (H 70 E, Polytec). Between
of the nozzle and the igniter membrane. Finally, the nozzle fabeach step using the H70E epoxy glue, a cure &BPermits the
rication is completed by the etching of the silicon oxide left in areticulation. After reticulation the H70E epoxy glue can endure
BHF solution.Fig. 13presents the pictures of nozzles with two +£100°C with a no significant expansion and can be use in high
different throat diameters and of the nozzles array. vacuum (107 Torr) with no outgassing.

Otherways to fabricate the nozzle part using DRIE could be to
reflow the photoresist to obtain a mask with a thickness gradierf. The validation tests
or to isotropicaly dry etch the silicon wafer to underetch the
masking laye[25]. Micro-electro-discharge micromachiningof  In this section, we present test results that validate the design,
silicon, laser etching of glass and inclined UV lithography onthe technological choices and the fabrication processes. They
SU-8 are some microfabrication techniques that could be applieiticlude three points:
to fabricate a nozzle throat with the specified arjgi.

1. thevalidation of the addressing to be sure that only the desired
4.4. The assembling procedure thruster is ignited on the order of electronic,
2. the ignition validation by determining the power consump-

Because of the simplicity of the process and the propellant tion and reliability,
contamination of the surface after filling, adhesive bonding wa$. the combustion validation to confirm that the combustion of
preferred for the assembling process. A rigorous procedure using the triggered thruster is sustained until the end of the reservoir
a FLIP-CHIP machine has been set up and permits to align each and does not ignite the first level of neighbours.
part at 1Qum.

First step concerns the preparation of the chamber part, part The completed experimentation procedures and results have
A of Fig. 14 When the chamber material is silicon, a Pyrex seabeen already reportdd].
wafer is anodically bonded to the chamber wafer to receive the
propellant. When the chamber material is Foturan, the Pyrex sedll. The addressing validation
wafer is glued to the chamber wafer with an UV sensitive poly-
mer (NOA 88, Norland) before receiving the propellant. The UV Experiments have shown that each symmetrical threshold ele-
glue is spun-on the seal wafer. In a second step, the nozzle parent could be actuated individually. Fig. 15 presentsi{g
is bonded to the igniter part by a thermal epoxy (H70E, Poly-and P(V) characteristics of 17 symmetrical threshold elements
tec) to form what called ifrig. 14 part B. The epoxy glue is dispersed in the array. These measurements show an excellent
deposited on the wafer between each thruster using an automat&producibility of V1preshoidin the same array. The dispersion
dispensing machine that can be programmed to have the requirgtsible on theRs value is principally due to the resistance through
glue thickness and width. Then, the parts A and B are filledines and rows of the farthest cells in the arrays. Considering four
with solid energetic material independently using a screen printarrays realized from the same wafer, the 1(V) characteristics are
ing techniqudg20]. The injection technique principle is derived very close: the dispersion on th&eshoigand theRs values
from a high accurate deposition process developed for microare less than 2%. Considering several wafers from the same run,
electronic board industry. This technology takes a dynamic newdispersion on théthresholgand theRs values rises up to 10%
approach to the application of solder paste for manufacturingnd 5%, respectively. This is due to the lack of reproducibil-
pre-placement. The igniter and chambers’ cavities are emptieitly of the polysilicon structure. However, the most important
from its air just before filling with propellant to ensure a good parameter for the good functionality of the addressing being the
thermal contact between the propellant and the igniter's memgood homogeneity oV thresholgin the array, the dispersion of
brane (se&ig. 14). VThreshold@NdRs is not really a problem for us.
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Fig. 14. Schematic view of the assembling procedure.

VThreshold€an be adjusted to a lower value by reducing theactive as it can be noted on the partial view of the array (only
number of P+ zones or also increase the doping of thied@lant 6 x 6 cells viewable). The Fig. 16b shows that the active polysil-
zone. icon implanted zone (represented by the white rectangle) does

Before filling the igniters’ array with the ZPP, thermal tests not have the same emissivity as the rest of the polysilicon zone
have been performed using a infrared camera. Individual cellsonstituted of phosphorous diffused polysilicon. So, the con-
have been powered with 350 mW. Fig. 16a shows that the hdtast given by infrared measurements cannot be easily correlated
zone is well localized on the powered cell. Neighbours are noto a thermal contrast. However, this infrared view permits to
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Table3
GAP comtustionrateasfunction of thematerialusedfor thereserwir andmeasuredhrustrange

Chamber’s material Silicon with 250m grooves Silicon with 50.m grooves Foturan
Mean burning rate (mm/s) (1.3-0) Combustion not sustained +D.¥Y 2.8+0.7
Thrust - - 0.3-2.3mN

affirm that the localized junction’s zones contribute to the globathe propellant reservoirs. An intermediary silicon chamber is

heating. added between the igniter part and the propellant: it permits to
reach 100% of ignition success and a reliable flame transition
5.2. The ignition tests between the igniter to the propellant contained in the chamber

(100% of success).

Several arrays of thrusters have been filled with propellants The paper reviewed the fabrication process for each part of the
and assembled, following the procedureFid. 14 The mea- device and detailed the thrusters’ addressing technology based
sured ignition energy using addressing polysilicon elements is afn the realization of arrays of polysilicon threshold elements.
27-48 mJ. This is the double of the ignition energy for the samdhe fabrication process based on robust MEMS technologies
material with non addressed a polysilicon heftgrWwithoutthe  have been developed and validated. The assembling is based
intermediary chamber between the igniter and chamber, ignitionn a gluing method. A rigorous procedure using a FLIP-CHIP
rate are very low: <3%. The main ignition cause of failure is themachine has been set up and permits to align each part with a pre-
too early rupture of the membrane. When the pyrotechnical sulsision of 10um. Two different safe energetic materials have been
stance in contact with the resistor begins to heat (even below ighosen: a sensitive and energetic substance, ZPP, has been usec
ignition temperature), gases are released breaking the membrainethe igniter part to lower the ignition energy. Power required
before ignition is sustained. Adding an intermediary volume offor each addressing and ignition is of 250 mW which is fairly
air permits to absorb the overpressure between the membratmv. A GAP based propellant is used for the chamber. The lim-
and the non ignited propellant. Even if this element presents thigation of this propellant is its limiting operating sizes which
disadvantages to heavy the device and add one step in the assasnabout @ 80¢um—-1 mm. Indeed, for a section of combustion
bling process, it permits to improve greatly the ignition successower than 1 mr, the combustion does not sustain. That is why

that reaches 100%. a new recent trend is to develop new materials with « tailored
» performances: not very sensitive to shocks and friction, but
5.3. The combustion tests containing sufficient energy to support combustion despite very

small dimensions. No doubt this is the way that will be followed
When silicon is used for the chamber without adding insu-for applications in the future.

lation grooves between each thruster, the heat generated by theTo conclude, the Micropyros fabrication processes quality
combustion of the propellant ignites its first neighbours and thehas been validated for any future solid chemical propulsion sys-
nearby close neighbours as close neighbours, it is propagatedt@®n having the following range of dimensions: chamber diam-
all the thrusters. For silicon with the air grooves of 260, the  eter or width in the range of 1-5mm and length in the range of
propellant combustion starts, sustains a little, then stops in th&-5 mm. The addressing technology has been demonstrated for
reservoir before its entire completion. For grooves of g0  a 100 elements array but can be implemented for any dimen-
combustion propagates in the entire chamber and no undesirsibnal arrays, the limitation being the size of the silicon wafer
neighbours ignition occurs. Tests with Foturan chamber, showedsed for the fabrication.
that the GAP burns at a constant rate in the entire chamber. Burn-
ing rates are reported ifable 3 Results showed that, due to its
very low thermal conductivity, Foturan is the best material for tneReferences
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