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SUMMARY

Complicateddeep-etchedtructureshavingmulti-
ple heightsandvertical/slantedvalls haverealizedby
fully-silicon-basedbatch fabrication process,which
only needslithographyon a flat surface. Arbitrary
numbersof mask layerswere laminatedon the ini-
tial surfaceof a substrateand deep-RIE,LOCOS or
anisotropicwet etchingwere performedto make mi-
crostructuresisingeachmasklayersubsequently

. INTRODUCTION

‘2.7-D technologies’of Si deep-etchingre proposedn this
paper:Al-DMP andLOCOS-AI-DMPR As shownin fig.1, deep-
etched multiple height structure, deep-etchedstructure with
vertical and slantedwall, or multiple heightstructurewith thin
layer at the centerare fabricatedby thesetechnologies.These
technologiesare quite compatiblewith CMOS-basedsurface
micromachinedtructures.

Si micromachining technology began from surface (2-
dimensional)[1]Jandit hasbeenevolvedtoward 3-dimensional
micromachining.At the early stageof micromachiningall the
structureswere fabricatedon one plane: in the thicknessless
than 10 ¢ m. The 3D structurewhich can be obtainedwere
anisotropicallyetchedhole or mechanicallydrilled hole. In the
endof 80s,two importanttechnologieshavearisen: LIGA and
ICP-RIEanisotropicetchingtechnology Both two technologies
were appliedto obtainthicker structuregi.e. morethan10 u
m, up to mm-scale). Thesetechnologiessometimesare called
2.5-Dtechnologiessincetheshapeof structures thesamefrom
thetopto the bottom.

Theauthorgroposed ‘Delay - Masking- ProcesgDMP)[2]’
to obtainmulti-level structureof Si; by putting severalifferent
mask materialson a surfaceand perform deep-RIEby using
the maskone after another The patternwhich was put on the
surfacecancreatemulti-level Si structure. This methodcanbe
classifiedas‘2.6-D technology’,sincemulti-level structurecan
be obtainedbut the numberof level is limited by the number
of different kind of maskingmaterial, and the depth of each
layeris decidedby theetchingselectivityof maskingmaterialto
ICP-RIE.
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Figurel: Obtainable2.7-D structuresy AI-DMP/LOCOS-AI-
DMP.

The DMP tells us the fact; embeddinghe maskingmaterial
andusingthemoneafteranothemakeit possibleto obtainthe
preciseand multiple layer structure. Basedon this principle,
we propose'2.7-D technologies'of Si deep-etching:Al-DMP
and LOCOS-AI-DMP By Al-DMP, numberof maskinglayers
becomesanlimited,andthedepthof eachlevelis upto the limit
of ICP-RIE apparatus. Moreover by applying LOCOS-DMR
bothdry deep-etchingandwet anisotropicetchingtechnologies
canbecombined.

The “toward the 3D-micromachiningechnology”havebeen
developedchot only for cuttingthe edgeof micromachiningput
alsofor thespecificapplications.Obtainablestructuresandthose
applicationsareillustratedin fig.2: (a) Obtainingathin layerin
themiddleof Siwaferaswell asathickerstructure (b) Making
athroughholewith ‘stoppet structurefor opticalfilter device,in
havingtheactivedeviceontheothersurface(c) Micro Simother
boardwith well-alignedmicro connectorandmicro socket,and
(d) Making a shadowmaskwith suspendedbossstructureand
mechanicablignmentmark[3].

II. AL-DMP: ALMINUM BASED DELAY
MASKING PROCESS

Many materialshave beenreportedas a mask of ICP-RIE
suchasphotoresistSiO, andaluminum.Amongthesamaterials,
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Figure2: Applicationsof 2.7-Dstructures

aluminumhasthebestperformancén termsof etchingselectivity
with Si. The nominal etching selectivity of thesematerials
towardSiare,1:100,1:300,and1:13000+ for photoresistSiO,,
andAl, respectively It showsthat the thicknessof eachlayer
of DMP can effectively infinite whenmulti layer of Al canbe
obtained. We havesucceededb obtainthe 3-layer Al maskby
puttingtheexposedandhard-bakedhin negativeresistbetween
eachAl layers.

The processstepis shownin fig.3. Procesds composeddf
two phases{(l) Depositionandlithographyof maskingmaterial
and(ll) SubsequenCP-RIEandetchingof eachlayer.

Phase-1: Deposition and lithography of masking
material.

1. Evaporatiorof 0.2umaluminum.

Phase-I: Deposition and Lithography of Al laye
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Figure3: AI-DMP consistf two phase:depositiorof Al layer
phaseandetchingphase.

2. Photolithographyf Al.

3. Prebakeat 200C, then depositionof negative type resist
(OMR-8535cP4000rpm:0.6umin this case).

4. Exposureandhardbaking(200C 1hour).

5. Evaporatiorof 0.2umaluminum.

6. Photolithographyf Al. (3-6 canberepeatedvhenmulti layer
is needed.)

Phase-11: I1CP and etching of each layer.

7. O2ashingof negativephotoresisby ICP-RIE.

8. ICP-RIEanisotropicSi etching(Boschprocesdor example.).
9. Al removal.

10. Repeaf7-9for requiredmultiple hights.

[I1. STRATEGY FOR MULTI-LAYER
ETCHING DEPTH CONTROL

Formulti-leveldepthstructureijt isimportanto obtainprecise
etchingdepthof eachayerasit is definedby specification In this
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thetrenchis, the slowerthe etchingspeedbecomes Loop
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process.

sectionthe strategyfor controlling etchingdepthis described.

A. Keyissues: etching speed and offset time.

In deep etching processusing ICP-RIE, etching speedis
dependenbn the shapeto be etchedand total surfaceto be
etched. The smallerthe openingof maskis, the slower the
etching speedbecomedfig.4); this phenomenons known as
a micro loading effect. Etching speedgets slower when the
total etchingsurfacein a waferis larger Etchingspeeds also
dependentn thealreadyetcheddepth: the deepethetrenchis,
theslowerthetrenchis etchedfig.5). It is thereforenecessarjo
measurg¢hedependencygf etchingdepthontheetchingtimeand
onthesizeof patternthencalculatebackthetime for beginning
of nextlayeretching.
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Figure6: Deepetchingbeginswith someoffsets.Etchingspeed
is fasterwhenetchingwidth is larget

Anotherissueis the offsettime of etchingspeedstabilization.
The etching speedis slow at the beginningof deep-etching,
typically severakyclesof boschprocessthentheetchingspeed
is convergedo a certainvalue as shownin fig.6. In authors’
experiencesthis offsettime variesprocesdy process.Hence,
the etchingdepthmustbe measuredometime after beginning
of etchingto measureffsettime.

B. Estimation of nt"layer etching beginning time.

Onceetchingdepthdependencyn etchingtime is measured
by simple structure,etchingdepth estimationcurve for multi-
level Si structurecanbe composed.The importantthing is that
etchingspeedis dependenmainly on the local size of etched
pattern.evenfor multi-level structures.

Supposean examplein which two-layer of small (77 u
m circle) and large(300x m square)holes are being etched.
Thicknessof the wafer is 300 » m. Etchingtime — etching
depthcurvesfor eachshapeare measure@dsshownin fig.5. As
for aspecificationsmall hole mustbe etchedthroughthe wafer
(=300 1 m) andstopby SiO, layercoveredwith Siontheother
surfaceof wafer. Largehole mustbe etcheddownto 280 » m
(=20 © m lessthanthe thicknessof the wafer). The procedure
is asfollows:

1. Perform20loop of boschprocesawith a maskfor smallhole.

. Measureheetchingdepthof thesmallhole.

3. Perform another20 loop etching and measurethe etching
depth.

4. Superpos¢he etchingcurvefor smallhole overthe measured
points.

5. Necessaryoop countfor first layerto reachto anotherendof
waferis calculatedby the curve.

6. Plot final etchingdepthfor the large squareat the calculated
etching-endimein step5.

7. By superposingtchingcurvefor the large square calculate
backtheetchingbeginningtime for nextlayer

N



8. Performetchinguntil the back calculatedtime, then proceed
thesecondayerwith maskfor largesquare.

Figure 7 shows a real procedureof etching time back-
calculationwith real data. The experimentwas performedwith
ICP-RIE apparatusSLR-720ICPfrom Plasma-Thernto. The
precisionof depthusingthis back-calculatioomethodis roughly
* 15 p m. Thiserror canbeattributedfirst to depthmeasuring
error with optical microscopgthe last digit of micrometeris 1
w m.), thento the otherfactorssuchastotal etchingsurface.

V. LOCOS-AL-DMP: OBTAINING
DIAGONAL CUT OVER DEEPRIE
STRUCTURE.

LOCOS-AI-DMP is alsobasedon the sameprinciple as Al-
DMP: ‘Embeddingmasksbefore deep-etching'. In this case,
silicon nitride layer is depositedbeneaththe Al multi layers.
As shownin fig.8, SisN4 remainsafter DMP. The waferis then
oxidized. Oxidationwith silicon nitride layeris well known as
LOCOS;all thesurfaceof thewaferexceptheareacoveredwith
SisN4 is oxidized. After removingSisN,4 selectively the wafer
is immersedinto TMAH. The wafer is anisotropicallyetched,;
theverticalwall in the wafer remainsprotectedby SiO,, hence
bothvertical andslantedetchedstructurecanbe obtained. The
idea of combiningwet/dry anistropictechnologyand LOCOS
hasalsobeenproposedy manyotherinstitutes[4],[5].

V. FABRICATION EXAMPLES
A. Al-DMP result

The photographof a Si pieceprocessedy 3-layersAl-DMP
is shownin fig. 9. Thesurfaceremainssmoothatall the process
step. The important thing to obtain this smooth surface of
Al maskis baking temperatureof photoresistfor intermediate
layer Whenusingpositivetype resistandwith post-bakingof
130C 1houg many ripples found on the resistafter ICP-RIE.
Thereforethe photoresisaisintermediatdayermustbe bakedin
high temperaturg200C). Negativetype photoresisis chosen
for this purposebecausaegativetype photoresistangenerally
be bakedat higher temperaturethen positive type and is not
damagedy acetonen cleaning.ThefabricatedSi pieceis used
asamicro motherboardonwhichthetwo piecesof opticalfilter
chipareputonasshownin fig.2(c)[6]. Depthof eachlayerwere
170 m,230 . m,and400 z m.

B. LOCOS-AI-DMP result

Figure 10 showsa silicon micro socketwith a guide slope
at the mouthof it. Wet anistropicetchingwas performedwith
TMAH solution at 80°C. The etching startedfrom V-shape
crosssection. However after 2 hours of TMAH etching, the
< 111> planeon the side of vertical wall was etchedfaster
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anddisappearedhusforming the slantedwall at the mouthof
verticalwall. Thanksto this slantedwall, the tweezer-insertion
of Si piecewhosesizeis 5 © m smallerthan the socketwas
performedwith no difficulty.

VI. REMARKSFOR A STABLER PROCESS
WITH AL AND ICP

In this sectionsomeremarksfor a stablersingle/multi Al
mask ICP-RIE processare discussed: (1) Aluminum mask
containssubmicrorpin holesin manycasesothatsupplemental
SiO;, layer helpsprotectingthe structurefrom damagethrough
pin holes. (2) Prebakeand postbakemustbe well performed
before/aftedepositionof negativeresistfor Al-DMP.

A. Avoiding Surface damage by Al pin holes

Despiteits superiorselectivityof aluminumto ICP, Al mask
in manycasesontainspin holesrandomly Thesizeof pinhole
is sub-micronlevel so thatit is hardly observed. The etching
plasma, however does passthrough the pinhole so that the
structureunderneatttanbe damaged.This damagecansimply
be avoided by putting some passivationlayer such as SiO,
underneathAl.  As shownin fig.11 (a), the 2-layer poly-

recise scale dic
cut by ICP-RIE

(b) Successful insertion of
1.9mm-wide Si piece

(c) Guide slope
magnification.

Figure 10: Exampleof Al-LOCOS-DMP asa guide slope of
silicon micro socket.

Si structurewas damagedeverywherebecauseof pin holes.
Sacrificial layer etching is not successfulsince undercutis
performedalso from pin holesof Si invokedby Al pin holes.
By puttingan1.2 » m of SiO, passivatiorlayerby LPCVD as
shownin fig.11 (b), thesurfacemicromachinedtructurds notat
all damagedhfter ICP-RIE. This emphasizethe importanceof
passivatiorof surfacemicromachinedlevicesto ICP-RIE with
Al mask.

B. Prebake/Postbake of intermediate negative re-
Sist

Baking is one of the key issuesof AI-DMP. Thereare two
typical pitfaults concerningbaking: (1) Not sufficient post-
baking causegippled surfaceof resist,and (2) Not sufficient
pre-bakingcausedubblesof gasfrom residuals.Pre-andPost-
baking are thereforevery important and the authorsperform
bakingfor alongtime at200C.

B.1 Rippled surface

While ICP-RIE or evaporatiorof Al, the surfacetemperature
of wafer canrise up to 140C —150C. The photoresistsvhich
arebakedessthan130C canbewell affectedby thetemperature
andcauseheripple. Onceripple occursonthesurfacet causes
many severecracksover photoresist,resulting damagesover
underlayingAl layerwhile Al etching(seefig.12). To avoidthis
problem, the authorsperform 1 hour of baking at 200C after
depositionof eachintermediatdayer.
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B.2 Vaporsfromresiduals

Before coatingthe surfacewith photoresist,it is extremely
importantto bakewell the substrate The authorsperformspre-
baking beforeresistcoatingat the temperatureof post-baking
(200°C). By this pre-bakingmajority of themoleculeonthethe
surfacewhich might be ableto evaporatevhile post-bakingcan
beevaporatedn advance.

VII. CONCLUSION

Inthispapeme havepresente@?2.7-dimensionabi microma-
chiningmethodsAl-DMP andLOCOS-AI-DMP Silicon struc-
tureshaving arbitrary numbersof thicknessesanbe obtained.
Wet anisotropicetchingtechnologyand dry high-aspect-ratio-
technologyare combinedby meansof LOCOS. The generic
ideais to embedmaskinglayers on one plane and use them
oneafteranother Surfacemicromachinedtructuresanalsobe
embeddedthusproviding 2+2.7-dimensionastructures.
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