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ABSTRACT: Over the last half century, the world semiconductor industry has provided phenomenal increases in
computing power while simultaneously lowering production costs. This achievement is largely the result of the
industry being able to print smaller and smaller features using photolithographic techniques. The organic imaging
materials used in the photolithography (generally known as photoresists) have undergone many changes over the
industry’s history, and if the increases in computing speeds and decreases in costs are to continue in the future, more
changes are necessary. This paper discusses the current generation of photoresists and the on-going development of
future generation photoresist technologies. Copyright 2000 John Wiley & Sons, Ltd.
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INTRODUCTION

Tremendous economic growth has been made possible by
the availability of cheap and powerful semiconductor
devices. Microchips are now an integral part of a great
variety of devices ranging from the mundane to exotic,
from wristwatches and cars to satellites and cruise missiles.
And, of course, the explosive growth of the Internet would
never have been possible without the semiconductor
industry’s ability continuously to provide more computing
power at lower prices. As an example of the industry’s
ability to improve performance while lowering costs, one
can look at the change in computer memory chips prices
over the last decade. In 1993, $1000 would buy 16
megabytes of computer memory; today, almost 1000
megabytes can be purchased for the same amount. As
another measure of the tremendous value provided by the
semiconductor industry, it should be noted that the cost of a
single transistor in an advanced microprocessor such as
AMD’s Athlon chip is of the same order of magnitude as
the cost of a single printed word in Austin’s local
newspaper, theAustin-American Statesman(based on a
$200 Athlon processor with 22 million transistors1 and
Austin-American Statesmanat weekday price of 50¢ with
average 1600 words per page and 80 pages)

The improvement in performance and price of
microelectronic devices is mainly the result of the
continual shrinkage in the minimum feature dimension

that can be produced on a silicon wafer. Since wafer-
processing time is essentially independent of feature
dimension, printing smaller features allows greater
numbers of devices to be printed on a wafer in the same
amount of time, thus decreasing device-manufacturing
costs (at least on a per transistor basis). In addition to
improving manufacturing yields, smaller feature sizes
also improve computing speed by decreasing the travel
distance of electrical signals in the device.

There are many different steps necessary for the
construction of an integrated circuit device, but it is the
photolithographic step that limits the minimum printable
feature size. A schematic of the photolithographic
process is presented in Fig. 1. In this process a
photomask, which contains a stencil representation of a
device layer, is used to selectively block the transmission
of exposure radiation. The light passing through the
photomask is collected by a series of lenses and then
projected on to a silicon wafer coated with a light-
sensitive material known as a photoresist. The photoresist
undergoes a photochemical reaction that changes its
solubility in developer solution. Treatment with a
developer solvent produces a three-dimensional relief
image of the photomask pattern on the silicon substrate.
Depending on whether exposure enhances or inhibits
photoresist dissolution, the image maybe in either
positive or negative tone. The relief image created by
photolithography provides patterned access to the under-
lying substrate and can be used as a mask for other
processing steps such as etching, ion implantation or
metal deposition that transfer some aspect of the circuit
pattern into the underlying substrate. Typical integrated
circuit designs require 10–25 different precisely pat-
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terned layers, stackedone upon the other, to createa
functionaldevice.

Several factors influence the minimum feature size
printable by photolithographictechniques,two of the
most important being the wavelengthof the exposure
radiation and the numericalapertureof the projection
lenssystem.Accordingto theRayleighrelation:

R/ �=NA

the resolution (R) of photolithographic process is
proportional to the exposing wavelength (�) and
inversely proportional to the numericalaperture(NA).
Industryhaspursued,andcontinuesto pursue,changesin
both variablesas pathwaysto smaller features,but this
paperwill concentrateon the developmentof organic
imaging materials needed for shorter and shorter
exposurewavelengths.

Productionof the mostadvancedcommerciallyavail-
able microdevicesis currently being carried out in the
deep ultraviolet (DUV) region at a 248nm exposure
wavelength, which correspondsto the output of a
krypton–fluorine(KrF) excimer laser.Featuressmaller
than180nmarebeingproducedusingthiswavelength.In
the near future the industry will seek to improve
resolution by changing to photolithographybasedon
the 193nm light generatedby argon–fluorine(ArF)
excimer lasers.This wavelengthis expectedto allow
production of deviceswith featuresdown to at least
130nm. Productionof 100nm andsub-100nm devices
is expectedto requireanotherwavelengthdecreasedown
to 157nm exposure(fluorineexcimerlaser).

Each of thesechangesin exposurewavelengthhas
unfortunatelyrequiredthe developmentof new organic
imagingmaterials.Materialsdesignedfor 248nmaretoo
strongly absorbingat 193nm to allow proper imaging,
and likewise materials designedfor 193nm are too
opaqueat157nmto imageproperly.Thispaperdescribes
thedevelopmentanddesignof thecurrentgeneration248
and 193nm photoresist materials and the progress
towards the developmentof a photoresistfor 157nm
microlithography. A historical account of photoresist
developmentprior to DUV resistscanbefoundin several
references.2–5

PHOTORESISTS FOR KrF LITHOGRAPHY

At the time when the switch to the 248nm wavelength
wasfirst contemplated,the output intensityof available
exposuresourcesat 248nm was about an order of
magnitudelower than what was in use for imaging at
higher wavelengths.The diazoquinonenovolac photo-
resists4 in useat thattime lackedtheradiationsensitivity
to be usefulwith the high-pressuremercury,DUV lamp
sourcesthen available. Unless brighter DUV sources
couldbedeveloped,amoresensitiveresistsystemwould
berequired.Brightersourceswereeventuallydeveloped
in theform of excimerlasers,but it wasfoundthathigh-
sensitivity resists were still required becausehigh-
intensity laser pulsestend to damageand degradethe
expensiveimagingopticsof theproductionequipment.6,7

One approachto designinga higher sensitivity resist
systemis to usetheprincipleof ‘chemicalamplification.’

Figure 1. The photolithographic process. (1) Substrate is coated with photoresist. (2) Exposure through a mask generates a
latent image in the photoresist. (3) Development removes soluble regions, in a positive tone system exposed regions become
soluble. (4) Image is transferred into substrate with an etch process. (5) Any remaining photoresist is removed

Copyright  2000JohnWiley & Sons,Ltd. J. Phys.Org. Chem.2000;13: 767–774

768 M. D. STEWART ET AL.



In a chemicallyamplified system,exposurephotonsdo
not directly causea solubility switching reactionevent;
rather,theyareusedto generateastablecatalyticspecies.
The photogeneratedcatalyst then initiates a chain
reactionor promotesa cascadeof reactionsthatchanges
resist solubility in exposed regions. The apparent
quantumefficiency for the solubility switchingreaction
in such a resist systemis the product of the quantum
efficiencyfor catalystgenerationandthe catalyticchain
length.Catalyticchainlengthsin themanyhundredsare
common,soin effecttheapparentquantumefficiencycan
be very much greater than unity. One photochemical
conversioncan causeseveralchemical reactions,and
thusthe exposurecanbe said to havebeen‘chemically
amplified.’

The first chemically amplified systems for DUV
photolithography were designedin the early 1980s.8–11

Theseresistsystemswerebasedon thephenolicpolymer
poly(4-hydroxystyrene) (PHOST) and its tert-butyl
carbonate(t-BOC)protectedanalogpoly(4-tert-butyloxy-
carbonyloxystyrene) (PTBOC). The principles behind
this designhavebeenusedin thedevelopmentof almost
all subsequentphotoresists.In this first systemimaging
contrastwas provided by the difference in dissolution
rateof thet-BOC-protectedpolymerandtheunprotected
polymer in certain solvents. By changing developer
solventsthesystemcouldbeimagedin eitherpositiveor
negativetone.Forexample,in anaqueousbasedeveloper
the protecting group slows dissolution allowing for
positivetoneimaging,whereasa solventsuchasanisole
givesnegativetoneimaging.

Imagingin this systemoccursby selectivelyremoving
protecting groups in exposed regions to modulate
solubility. This deprotectionis accomplishedby exploit-
ing the acid-catalyzedthermolysisof the t-BOC group
(Fig. 2). UponDUV exposure,catalyticamountsof acid
are generated from a photoacid generator (PAG)
dispersedin the polymer matrix. Exposurecreatesat
latent image of acid and a 1–2min bake around a
temperature of 100°C is required for the actual
deprotectionreactionto occur. The PAGs usedin this
system can be any one of several onium salts, first
reportedby Crivello andLam in thelate1970s12 andjust
recentlyreviewed.13 Thecatalyticchainlengthof in this
‘t-BOC’ resist is extremelylong, and can thereforebe
imagedat dosestwo order magnitudeslower than any
previoussystems.14

Chemicalamplificationsolvesthesensitivityproblem,
but it cancauseotherproblems.For example,a catalyst
that is mobile enough to promote several hundred
reactionscould possibly move from exposedregions
into unexposedregionsandcauselossof resolution.The
acid catalyst,with its long catalyticchainlength,is also
susceptibleto poisoningby basecontaminatesgettered
from theatmosphere.

The migration of the catalystinto unexposedregions
has never been the problem it was expectedto be.

Catalytic systemswere initially met with great skepti-
cism. Many people expected that the resolution in
chemicallyamplifiedresistswould bevery poor,but this
hasnot provento be the case.Studiesusing extremely
fine (2 nm) electronbeamexposureshaveshownthatthe
ultimate resolutionof the t-BOC resistsystemis about
40nmwhenprocessedin positivetone.15,16Otherstudies
haveshownthat line-width spreadby catalystmigration
is somewhatself-limiting.17,18Thereportedself-limiting
natureof linewidth spreadhas led to debateabout the
actualmechanismsresponsiblefor acid diffusion/trans-
port in chemicalamplifiedresistsystems.17–21

Thecatalystmigrationproblemthatwasonceexpected
to limit the usefulnessof chemically amplified photo-
resistshas, so far, not turned out to be a significant
problem,but the largely unforeseenproblemof atmos-
pheric base contamination turned out to be very
significant. Even in the controlled atmosphereof a
cleanroomwith atmosphericbase levels of parts per
billion, contaminationcausedunacceptableprocessing
variations in early t-BOC-basedsystems.22,23 Atmo-
spheric base contaminationcan also causethe more
dramatic ‘T-topping’ effect (Fig. 3) when the acid
generatedin the resist’s top layer is neutralized by
contamination,preventingfull deprotectionat theresist–
air interface. These contaminationproblems made it

Figure 2. Mechanism of acid-catalyzed deprotection in tBOC
resist system

Figure 3. SEM micrograph showing `T-topping' effect
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necessaryto isolateresist-coatedwafersfrom theregular
cleanroomatmosphereandprotectthemwith expensive
filter andcontainmentsystems.

Another way to avoid ‘T-topping’ is to tailor the
backgrounddissolutionrate of the unexposedresist.In
effectby giving thematrix resina finite dissolutionrate,
the base-contaminatedlayer, which would normally
causethe‘T-topping,’ canjust bedissolvedawayduring
development.The improvementin environmentalstabi-
lity more than compensatesfor small lossesin resist
thickness.Thefirst resistsystemto incorporatea tailored
backgrounddissolution rate to improve environmental
stability was IBM’s APEX resist, which is simply a
randomcopolymerof PHOSTandPTBOC.

These problems with atmospheric contamination
causedseveral groups to begin developmentof new
photoresists that would be less sensitive to their
surroundings.The ESCAPresist (Fig. 4) developedin
theearly1990swasoneparticularlysuccessfulapproach
to lesseningenvironmentalsensitivity.24,25Incorporation
of tert-butyl acrylate to replacetert-butyloxycarbonyl-
oxystyrene gave the resist a thermal decomposition
temperatureaboveits glasstransition temperature(Tg).
With a Tg below their thermaldecompositiontempera-
ture,theESCAP-classresistscanbeannealedabovetheir
Tg after spin coatingto removeexcessfree volumeand
densify the film. Removing free volume improves
environmentalstability by lowering the diffusion rate
of contaminantsinto thefilm. Previoussystemsthermally
decomposedprior to reaching Tg so no above-Tg

annealingwas possible.Changingto tert-butyl acrylate
also improved environmentalstability by lowering the
solubility of basecontaminantsin the resistfilm.

PHOTORESISTS FOR ArF LITHOGRAPHY

The continuousdrive for higher resolutionmeansthat
eventually248nmlithographywill beunableto meetthe
semiconductorindustry’s requirementfor smaller fea-
tures. The switch to a shorter wavelength is in fact
quickly approaching,with the first 193nm production
expectedto beginthisyear.To makethisswitchpossible,
an entirely newgroupof photoresistmaterialshadto be
developedsinceall KrF resistsaretoostronglyabsorbing
at 193nm to permitproperimaging.Along with meeting

optical transparencyrequirements,new 193nm photo-
resistsmustmeetbasicphotoresistrequirements,suchas
sensitivity,dry (plasma)etchresistance,substrateadhe-
sion and acceptablemechanicalproperties.Economic
factors, such as easeof synthesis,monomercost and
compatibility with industry standard developersand
solventsarealsoimportantconsiderations.

Thekeydifficulty in 193nmphotoresistdesignwasthe
apparent inability to meet plasma etch resistance
requirements while simultaneously meeting optical
transparencyrequirements.Early in the developmentof
193nm photoresistsit was thoughtthat in fact the two
weregoingto bemutuallyexclusive.Dry etchresistance
wasthoughtto requireincorporationof aromaticgroups
into the polymer,but mostaromaticsabsorbstrongly in
the spectralregionnear193nm dueto p–p* transitions
and, therefore,cannotbe usedin 193nm photoresists.
Fortunately,thanksto thework of Gokenet al.,26 it was
empirically shownthat aromaticitywasnot the control-
ling factor in determiningetch resistance,rather it was
simply the carbon-to-hydrogenratio of the resistmatrix
that affected etch performance.Aromatics provide a
convenientway to give a high C/H ratio,but theyarenot
theonly way.

Early developmentof 193nm resists centered on
acrylic-basedpolymers.27,28 The chemicalamplification
in acrylic systems,such as that shown in Fig. 5, is
providedby acid-labiletert-butyl esterprotectinggroups
which, uponexposureto photogeneratedacid, cleaveto
producebase-solublecarboxylic acids. Thesesystems
have good optical transparencyand imaging perfor-
mance,but lack sufficientetchresistanceowing to a low
C/H ratio. Researchersat Fujitsu first reportedthat etch
resistanceof acrylic systemscould be increasedby
incorporationof pendantalicyclic (polycyclic aliphatic)
units into the polymersystem.29 Alicyclic units suchas
norbornaneor adamantaneachievea high C/H ratios
through incorporation of multiple rings rather than
multiplecarbon–carbonbondsthatmightabsorbstrongly
at 193nm. Researchersat IBM usedthealicylic pendant
group conceptto improve the etch resistanceof their
acrylic terpolymersystem(IBM Version1) by addinga
fourth monomer, isobornyl methacrylate. This new
tetrapolymeralong with a steroid-basedadditive that
improved dissolution properties and etch resistance
comprisedthe IBM Version 2 photoresistplatform30

(Fig. 6). A wide variety of ‘derivative’ photoresist
designshavebeendevelopedbaseduponacrylatematrix

Figure 4. Structure of an ESCAP photoresist

Figure 5. IBM version 1 acrylic-based 193 nm terpolymer
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resins containing pendant alicylic groups by other
researchgroups.31–33

Theseacrylic systemsoffer high-resolutionimaging,
but they have less than ideal etch resistancedespite
incorporation of alicyclic pendant groups. In KrF
photoresistseachmonomerunit containsanetch-resistant
aromaticunit, whereasin theArF acrylic systemsonly a
fractionof monomerunitshaveanetchresistantpendant
group.With suchalimitation, it is fundamentallydifficult
for an acrylic resistto matchthe etchperformanceof a
KrF system.To addressthis shortcoming,our research
group began to study methodsfor creating polymers
directly from cycloolefinswhich would incorporatean
etch-resistantalicyclic structurein to the repeatingunit.

Three basic methodsof cycloolefin polymerization
were identified as potential routes for synthesizing
photoresistmatrix resins:vinyl additionpolymerization,
ring-opening metathesispolymerization (ROMP), and
free radical polymerization.Severalpolymersbasedon
norborneneandnorbornenederivativesweresynthesized
via theseroutesand were evaluatedas potential resist
materials.34–37 The most promising of thesepolymers,
shownin Fig. 7, was an alternatingcopolymerof tert-
butyl norbornene-5-carboxylate(BNC) andmaleicanhy-
dride(MA) preparedby freeradicalpolymerization.The

etchperformanceof thispolymerwasstill notcompletely
adequate,but a pathway to improve resistancewas
readilyavailable.TheC/H ratio wasraisedby switching
from the norbornene monomer to its dinorbornene
analog. tert-Butyl tetracyclo[4.4.0.12,5.17,12]dodec-3-
ene-5-carboxylate(DBNC) was found to undergoalter-
nating copolymerizationwith MA in a fashion very
similar to BNC (Fig. 8). This polymer,whenformulated
with a photoacidgenerator,a cholate-baseddissolution
inhibitor, and a small amount of base additive, has
imaged features down to 110nm using a binary
photomask.When usedwith a ‘phase-shifting’ photo-
mask,featuresassmallas80nmwereprinted.36 Figure9
showsscanningelectronmicrographsof resist features
produced using this 193nm system. A number of
improvementsandrefinementsin this basicresistdesign
havebeenreported,38,39 andit is likely that commercial
photoresistsbasedon derivativesof this basic system
designwill support193nm production.

PHOTORESISTS FOR 157 nm PHOTOLITHO-
GRAPHY

Optical lithography with 193nm light is expectedto
allow theproductionof deviceswith featuresdimensions
downto near100nm.Theproductionof 100nmandsub-
100nmdeviceswill likely requireadifferenttechnology.
In thepastyeartheextensionof opticallithographydown
to the 157nm exposurewavelengthhasemergedas the
semiconductorindustry’s favored successorto 193nm
lithography.40 So-called ‘next generation’ lithography
technologiesbasedon electron beam projection litho-
graphy, ion beam projection lithography or x-ray
lithographyareseenasimmaturetechnologies,unlikely
to be fully readyby 2005when100nm sizedevicesare
expectedto entervolumeproduction.Opticallithography
with 157nm light offers the industrythechanceto build
upon decadesof accumulatedexperiencewith optical
techniques, while a switch to a ‘next generation’
technologywould requirea radical changein manufac-
turing processesandcouldbepotentiallydisruptive.

Figure 6. IBM version 2 acrylic-based 193 nm photoresist.
Isobornyl methacrylate unit has been added to improve etch
resistance

Figure 7. Synthesis and structure of alternating copolymer
BNC-alt-MA, 193 nm photoresist

Figure 8. Synthesis and structure of alternating copolymer
DBNC-alt-MA, 193 nm photoresist

Figure 9. SEM micrograph of resist features printed at
193 nm. Left: 120 nm wide lines printed using binary
photomask. Right: 80 nm wide lines printed using a
`phase-shifting' photomask
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Perhaps157nm lithographyis not a radicaldeparture
from current lithographic techniques,but the technolo-
gicalchallengesto its implementationarestill formidable
andits problemsarecompoundedby anextremelyshort
development schedule. Along with new photoresist
materials(including castingsolvents),newmaterialsfor
lens systemsand photomasksubstratesmust be devel-
oped.

The challengeof designinga low-absorbancechemi-
cally amplifiedphotoresistfor 157nm is complicatedby
a generallack of absorbancedatafor materialsat such
short wavelengths.The available information is not
particularly reassuring;for example, water vapor is
known have extremely strong absorbanceat 157nm.
This implies that theentireexposurebeampathmustbe
sealedagainstthe atmosphereor purgedwith an inert
gas—bothcomplicatedengineeringtasks.It hasalsobeen
reportedthat theabsorbanceof polyethyleneis strongin
the157nm spectralregion.41 If themethyleneunits that
comprisepolyethyleneabsorbstrongly, then polymers
with methylenelinkagesfor backbones,such as poly-
acrylates,polystyrenesand polynorbornenes,are also
likely to absorb157nm light strongly. Researchersat
MIT Lincoln Laboratories are currently surveying
polymermaterialswith the aim of determiningpossible
alternativebackbonestructures.Their work hasshown
thatthetransparencyof polyethylenecanbeimprovedby
appropriateplacementof electron-withdrawinggroups,
suchasfluorine andoxygen,into the polymerstructure.
Poly(vinyl alcohol), which incorporateselectron-with-
drawing hydroxyl groups on alternatingcarbonsof a
polyethylene backbone, absorbs less strongly than
polyethylene.Highly-fluorinatedanalogsof polyethylene
alsohavemuchimprovedtransparency.The MIT group
has also shown that silicon-basedpolymers, such as
siloxanesandsilesquioxanes,havehigh transparencyat
157nm. This important information servesas starting
point for 157nm photoresistdesign.42

Etch resistance,of course,must be incorporatedinto
any157nmphotoresistdesign.As in 193nmlithography,
simplearomaticgroupsaretooabsorbingto provideetch
resistancein a 157nm resist.Thealicylic groupsusedin
ArF photoresistsarecurrentlyseenasthe bestapproach
for providingetchresistanceat157nm.Thetransparency
of alicyclics might needto be improvedby strategically
placing electron-withdrawing groupson the rings. Gas-
phaseabsorbancemeasurementson severalfluorinated
alicylic model compoundsare being carried out to
determinethe mosteffectivelocationsof fluorine atoms
to lower 157nm absorbance.

For the photoresist to develop in aqueous base
developersolutions,acidic functional groups must be
incorporatedinto the matrix resin. In KrF photoresists
phenolicgroupsareusedto providebasesolubility, but
the aromatic ring absorbsstrongly at 193nm, so ArF
resists use carboxylic acids. Unfortunately, typical
phenols and carboxylic acids absorb too strongly at

157nm to beusedin photoresistsfor thatwavelength.In
fact, the MIT researchersconcludedthat any material
containingp-systemsis likely to be strongly absorbing
at 157nm. This meansthat acidic functional groups
that rely on resonancestabilizationmay be unavailable
for 157nm photoresistsand someother route must be
used to provide acidic groups. Inductive stabilization
does not require p-electronsand can give reasonably
acidic groups. Inductively stabilized anions that lack
p-electrons could possibly be utilized in 157nm
photoresiststo provide base solubility. Hexafluoro-2-
propanol(Fig. 10) is an exampleof a compoundwith a
hydroxyl group that is fairly acidic due to inductive
stabilization. The strongly electron-withdrawing tri-
fluoromethyl groups give the compound an acid
strengthcloseto thatof phenol.43 Hexafluoro-2-propanol
hasin fact beenpreviouslyusedasan acidic functional
group in photoresistdesignsfor both KrF lithography44

and ArF lithography.45 Our researchgroup has deter-
mined that hexafluoro-2-propanolis very transparentat
157nm, making it an ideal choice for 157nm photo-
resists.46

For imagingto bepossibleat leastsomefractionof the
acidic functional groupsmust be blockedwith a labile
protectinggroup.Themostcommonprotectinggroupsin
current photoresistsare tert-butyl carbonatesand tert-
butyl esters.Thesehappento be unsuited to 157nm
photoresistsbecausetheyhavehighly absorbingcarbonyl
moieties.Acetalandetherprotectinggroups,ontheother
hand, have no carbonyl groups, which makes them
potentially useful at 157nm. A prototype resist using
acetal-protectedhexafluoro-2-propanolonanorbornene–
maleic anhydridepolymer (Fig. 11) wasrecentlytested
with 193nm light andwasshownto bea viable imaging
combination.47 The acetal–hexafluoro-2-propanol com-
bination will likely be very important in 157nm
photoresistdesigns.

Figure 10. Structure of hexa¯uoro-2-propanol group with
illustration of inductive stabilization

Figure 11. Prototype of a 157 nm photoresist used to
validate the imaging capability of an acetal-protected
hexa¯uoro-2-propanol group. This particular system would
be strongly absorbing at 157 nm owing to the carbonyl
groups in the MA unit, but successful imaging was carried
out at 193 nm
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THIN-LAYER IMAGING FOR 157 nm
LITHOGRAPHY

The challengeof finding of transparentmaterials for
single-layer157nm photoresistshasforcedthe industry
to reconsideralternative imaging schemes.Thin-layer
imaginghaslongbeenstudiedasanalternativeto single-
layer imaging. In fact, whenresearchbeganon 193nm
lithographicsystems,manyfelt thata thin-layerimaging
techniquewould prevail as the dominant lithographic
technology.In thin-layer imaging, photochemistrycre-
atesan etch maskonly in the top layer (approximately
100 nm) of the resist.This etch mask is then usedto
transferthe imagethrougha thicker resistlayerby using
ananisotropicdry etchprocess.Sinceonly thetop of the
film needbeexposed,materialsthatarerelativelyopaque
at the exposurewavelengthcan be used. Thin-layer
imaging systemsalso typically offer enhanceddepthof
focusanda relative insensitivity to underlyingtopogra-
phy. The drawbacksof these systemsare increased
process complexity and manufacturing costs. These
systemswill thereforebe usedonly when single-layer
resisttechniquesarenot possible.

Therearea numberof methodsfor implementingthin-
layer imaging,but theycangenerallybegroupedinto two
categories.(It is beyondthescopeof this a paperto detail
all work on bilayer and silylation resist chemistries.A
comprehensivedescriptionof thesesubjectswith refer-
encesmay be found in Ref. 4.) The first is a systemin
which two resistlayersarecoatedoneupontheother.The
thin top layer generally contains silicon atoms and is
imaged just like a traditional single-layer resist. After
developmentof the top layer, the shallowrelief imageis
transferred through a thicker resist layer using an
anisotropicoxygen plasmaetch. The silicon in the top
layeroxidizesto form a highly etch-resistantmaterialand
consequentlyservesasanetchmaskfor theunderlayer.In
theregionwherethesilicon-containingpolymerdissolved
away, no masking occurs and the underlayermaterial
quickly etchesaway.The secondtype of systeminvolves
coatinga singleresistlayer,thencreatingtheetchmaskin
thetopportionof thismaterial.Theincorporationof silicon
into the resist is typically accomplishedwith a silylation
processthat incorporatessilicon throughthegenerationof
covalentlinkageto anactivesite in thepolymerfilm. The
availabilityof theseactivesitesis controlledby exposureto
radiationsothatsilylation occursonly in oneregionof the
photoresist(eitherexposedor unexposeddependingon the
resisttone).Thesilylatedregionsthenactasanetchmask
for transferringthe image.

Systems of this sort have rarely been used in
manufacturingbecauseof increasedprocesscomplexity.
Thesilylationsystemsalsohaveanadditionalproblemin
that they almost universally yield featureswith a high
degreeof line edgeroughness.The sourcesof line edge
roughnesshave recently been elucidated48–50 and this
knowledgehasallowed thesesystemsto be tailored to

print very high-resolutionandvery smoothfeatures.At
157nm, optical transparencyis at a premium and any
technologythat reducesthe transparencyrequirementis
desirable. Thin-layer imaging techniques have re-
emergedas leading alternativesto single-layer resists
and may in fact becomethe technologyof choice for
157nm lithography.

LITHOGRAPHY AFTER OPTICAL LITHOGRAPHY

Many believe that photolithography with 157nm light
will be the last optical lithography technology to be
developed.The industry is countingon oneof the NGL
(next generationlithography) alternativessuch as ex-
treme ultraviolet (EUV) or electron beam projection
(SCALPEL)to emergeto replaceoptical lithographyfor
sub-100nmdeviceproduction.Thechangeoverto anyof
theseprocesseswill require the developmentof new
high-resolution resist materials. As mentioned pre-
viously, the apparentresolution limit for the classical
chemicallyamplifiedtBOCresistsystemwasdetermined
to be about 40 nm.15 Printing a 50nm feature in this
materialwould bea difficult taskfor anyNGL if thereis
already40nm of intrinsic resistbias.Ways to improve
resistresolutionby limiting catalystmigrationareunder
investigation,but to maintainchemicalamplificationthe
catalystmustmaintainsomeamountof mobility, andany
amountof catalystmobility will lead to someloss of
resolution.This trade-offrequiresmorestudy.

In recent years, a radically different approach to
patterningwafers has begunto emerge.Imprint litho-
graphy51 andmicro-moldinglithography52,53arestarting
to showgreatpromise.Thesetechniquesprovideawayto
skip theimaginganddevelopmentstepsof thetraditional
lithographic process and directly create resist relief
imageson the wafer substrateby simple molding and
contacttechniques.This offers significantpotentialcost
advantagessincetheydo not requireimagingopticsthat
are typically the mostexpensivepieceof a lithographic
tool. Theseprocessesalsoforegotheneedfor expensive
radiation sourcesneededby most NGL technologies.
Sub-50nm featureshavebeenprinted with thesetech-
niques,and printablefeaturesize appearsto be limited
only by the dimension of the feature that can be
constructedin themold/template.Thesetechniquesoffer
the potential to manufacturemicrodevicesmuch more
cost effectively than any of the currently contemplated
photolithographicprocessesor NGL technologies.These
‘simple’ molding techniques may be the path to
continuedimprovementsin microelectronicdevices.
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