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Inthe lastdecade, major advances infabricating VLSI elec­
tronic devices have placed increasing demands onmicro­
lithography, the technology used to generate today's
integrated circuits. In 1976, state-of-the-art devices con­
tained several thousand transistors with minimum
features of5 to 6 urn. Today, theyhave several million
transistors andminimum features ofless than 0.7 urn.
Within the next10 to 15 years, a new form oflithography
will be required that routinely produces features ofless
than0.25 urn. Short-wavelength (deep-uv) photolitho­
graphy and scanning electron-beam, X-ray, and scanning
ion-beam lithography are the possible alternatives to con­
ventional photolithography. However, eachneedsnew
resists and processes. When deep-uv photolithography
is implemented, itwill representthe first widespread use
in manufacture ofa lithographic technology that requires
an entirely new resist technology. We describe the devel­
opment ofa resist system that meets all requirements of
the deep-uv technique.

Introduction
Amodern integratedcircuitis a complex three-dimensional

structure ofalternating, patternedlayersofconductors, dielectrics, and
semiconductor films (Appendix A). This structure is fabricated on an
ultrahigh-purity wafer substrate ofa semiconducting material such as
silicon (Si). To a large degree, the performance ofthe device is gov­
erned by the size ofthe individual circuitelements. Asa general rule,
the smallerthe elements, the higher the device performance. (Panel 1
defines acronyms and terms.)

The device structure is producedthrough a series ofsteps that
precisely patterneach layer. 1,2 These patterns are formed by litho­
graphicprocesses that consistof two steps:
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A acid
N positive-acting photogenerated species acid
ASA speed-rating systemforphotographic film,

established bythe American Standards
Association (now known as the American
National Standards Institute)
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semiconductor material that is an electron
donor

diazo group
nitro group
oxygen
hydroxyl
hydrophobic protective group
semiconductor material that is an electron

acceptor
photoacid generator
photoactive compound
post-exposure bake
substituent
sulfur
silicon
sulfur dioxide
static random-access memory
tert
transition temperature ofglass
poly(4-t-butoxycarbonyloxystyrene sulfone)
tetramethylammonium hydroxide
ultraviolet
very-large-scale integration
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- Delineate the patterns ina radiation sensitive thin­
polymer film (i.e., a resist).

- Transfer that pattern usingan appropriate etching
technique.

Figure 1 is a schematic representation ofthe lithographic
process.

Technology Trends. Remarkable progresshas
beenmadein the fabrication ofmicroelectronic devices.
Thisis especially true ofthe lithography technology used
togeneratethe high-resolution circuit elements that are
characteristic oftoday's integrated circuits.

In 1976, state-of-the-art devices contained 4,000
to8,000 transistor elements andhad a minimum feature
size of5 to 6 urn (micrometers). These devices were

patterned by photolithography using eithercontact print­
ingor, the then relatively new, one-to-one projection
printing. Today, devices with several million transistor
cells are commercially available andare fabricated with
minimum features of0.7 urnor smaller. Figure 2 illus­
trates this trend.

Surprisingly, photolithography is still the tech­
nology used to fabricate microelectronic chips. Step-and­
repeat5xor lOx reduction cameras or highly sophisti­
cated, one-to-one projection printers are the dominant
printing tools.

Progress in Lithography. There is,perhaps, no
better example than lithography to illustrate the uncer­
tainty associated with predicting technological direction
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not practical to correct for chromatic aberrations in
quartz lenses, the systems that use refractive optics
require a light source that has a verynarrowbandwidth
[i.e., less than O.03A (angstrom)].

The toolsfor deep-lN photolithography use
laser sources that can provide such narrowbandwidths
withenough intensity to accommodate resists that have
sensitivities of20to 30mJ em- 2 (millijoules per square
centimeter) .

Alternatively, someworkis alsobeingdoneon
one-to-one reflective projection systemsthat use conven-

Expose

Figure 1. The lithographic process is used to generate the
intricate patterns needed to fabricate a modern integrated
circuit. This process is similar to photography, where a thin
radiation-sensitive polymer film (a resist) is irradiated with
patterned radiation, and the resulting chemical reactions
alter the solubility of the resist in a given solvent. If the
solubility increases, a positive image is formed; decreased
solubility produces a negative Image. The resulting three­
dimensional relief image is then used as a mask for the
etching steps.

Alternatives to Conventional Photolithography
The technological alternatives to conventional

photolithography are largely the same as they were a
decade ago: short-wavelength photolithography, or scan­
ning or projection electron-beam, X-ray, or scanningion­
beam lithography. It is not the intentof this paper to dis­
cuss these lithographic technologies in detail. Instead,
webriefly summarize each ofthem here.

Dee~V Photolithography. In the past decade,the
major advances in short-wavelength (i.e., deep-uv) photo­
lithography havebeen improved quartz lenses and high­
outputlight sources for projection cameras. Several step­
and-repeat reduction systems that use high-brightness
laser sources havebeen designedor built. Becauseit is

and change. In 1976, it wasgenerally believed (albeit, not
byeveryone) that photolithography couldneverproduce
featuressmallerthan about 1.5 to 2.0urn withhigh chip
yieldsin a production environment. The current beliefis
that conventional photolithography [that is,g and i line,
where gA = 436 nm (nanometer) and iA = 365-nm wave­
length light] will be able to printfeaturesas small as
0.5 urn and will remain the dominant technology well
into the 1990s.

The highest resolution ofa printing techniqueis
governed, at the extreme,by the wavelength ofthe light
(or radiation) used to formthe image. Shorter wave­
lengths yield higher resolution. The same physical prin­
ciplesalsogovernthe resolution limits in microscopy.3

The same basic, positive photoresisthas been
in pervasive use since the mid-1970s. This resist consists
of a photoactive compound that belongs to the diazo­
naphthoquinone chemical family and a novolac resin
(Figure 3). It will likely be the resist ofchoicefor several
moreyears, because ofthe high cost ofintroducing a
newtechnology. This cost, which includes the cost of
developing and implementing newhardware and resist
materials, is a strong driving force that is pushingphoto­
lithography to its absolute resolution limitand extending
its commercial feasibility.

34

AT&TTECHNICALJOURNAL. NOVEMBER/DECEMBER 1990



10.0

5.0

E 3.0
~

~ 2.0
::l
15
~

E 1.0::l
E
'c
~

0.3
0.2
0.1

1978 1988 1998
Year commercialized

Figure 2. Rapid and continuing improvement in
the performance of very-large-scale integrated
circuits is achieved by reducing the size of the
individual circuit elements. We show the size of
the smallest geometry in advanced devices as a
function of the year the device was first avail­
able commercially. The lithographic technology
used to print the device pattern is also noted for
each size range.

tional, wide-bandwidth, mercuryarc sources in the 200­
to 260-nm region. Becausethe intensity ofthese sources
is less than that of the laser sources, more sensitive
resists (i.e., less than 10mJ cm-') will be required for
high throughput. (We will discuss sensitivity later.)

X-Ray Uthography. Earlywork inX-ray litho­
graphyfollowed the general strategyofconventional,
one-to-one optical projection systemsand used electron­
beambombardmentX-ray sources. However, thermal
considerations limitthe powerfromsuch sources.Also,
to minimize the penumbral shadowing and other physi­
caleffects that limitresolution, the distancebetweenthe
sourceand mask-wafer combination must be relatively
large, which makes the incidentflux on the wafer small.
These limitations require the use of resists withsensitivi­
tiesofless than 5 mJ em- 2•

Boththe wavelength used and the extremely
highsensitivity requirementlimitthe chemistriesavail­
able for resist design, and onlynegative materials have
satisfactory sensitivity. Although these negative resists
are able to demonstrateless than 1 urn of resolution,
theyare limited to featuresofat least 0.5 urnor larger.

Recent workin X-ray lithography has been
directed toward step-and-repeat systems that use high­
intensity synchrotron and laser-based radiation sources.
(A synchrotron is a charged-particle accelerator.) Both
typesofsources are capable ofproducing X-rays in the
wavelength regionof interest.When compared to other

lithographic hardwareoptions that havesubmicrometer
capabilities, the toolsthat use these X-ray sources are
economical for manufacturing devices. In addition, the
brightness ofthese sources is high enough to permitthe
use ofresists witha sensitivity offrom50to 100 mJ em- 2•

Scanning Electron-Beam Lithography. For well over
twodecades, electron-beam lithography has been investi­
gated at manyindustrial and university laboratories.
Thus, this technology is the most mature ofall the alter­
natives to conventional photolithography.

This formoflithography uses a focused beam of
electronsthat is scannedunder computercontrol across
the resist-coated substrate. Earlysystemsoperatedat a
modulation rate of10to 40MHz (megahertz) and used a
Gaussian, round beamthat was0.5 to 2.0 urn in diameter.
These earlymachinesused a tungsten emitter as a
source ofelectronsand required about 1hour to "write"
a pattern ontoa 4-inch diameterwafer witha resist that
had a sensitivity of1 to 3 ~C cm? (microcoulombs per
square centimeter).

The most advanced ofthe newersystemsuse
high-brightness electronsources, shaped beams,and
modulation frequencies greater than 400 MHzand can
producethree to eight 4-inch wafers per hour.These srs­
terns require resists withsensitivities of 1 to 5 ~C ern
at 20kV (kilovolts).

Electron-beam lithography offers high resolution
(lessthan 0.1 urn) and extraordinary registration
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Figure 3. The most
widely used pho­
toresists in current
semiconductor
manufacture are
positive-tone materi­
als, which rely on a
base-soluble novolac
resin that has been
rendered insoluble by
the addition of a dis­
solution inhibitor (I).
Exposure to ultra­
violet light converts
the inhibitor to a very
soluble acid (A),
allowing the novolac
plus acid to be dis­
solved.
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accuracy, which is important whenwriting VLSI patterns
directly onto the resist.The major disadvantages of
electron-beam lithography are the high overall cost it
introducesinto the lithographic step, low throughput,
and sizeofthe manufacturing equipment.

Scanning lon-Beam Lithography. This technology is
similar to scanningelectron-beam lithography in that it
uses a finely focused beam ofions that is scanned under
computercontrolonto the wafer. The ions maybe either
directly implanted into a semiconductor substrate to alter
the semiconductor bandgapor used to expose a resist.

Ion-beam lithography is severalyears away from
industrial use as a lithographic-exposure method. It
currentlyis used to repair submicrometer defectson
masksand devices. However, interest in ion-beam litho­
graphycontinues. Becausethis technique is nearly
devoid ofscatteringeffects, its resolution is potentially
better than electron-beam lithography. In addition, ion-
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beamlithography can implant a widerange ofatoms
directly intoa semiconductor material, thus eliminating
the need for a resist for some steps.

New Resists and Processes Required. No matter
which technology becomesdominant afterphotolitho­
graphyhas reached its limit, newresists and processes
will be needed, requiringenormousinvestment in
research and process development. The introduction of
newresist materials and processeswill alsorequire con­
siderable lead time.Probably, more than three to six
years will elapsebeforethe newresists reach the perfor­
mance level currentlyrealized by conventional positive
photoresists.

Design and Selection of Polymers
The focus ofthis paperconcerns the designand

selection ofpolymer materials that are useful as
radiation-sensitive resist films. Suchpolymers must be



carefully designed to meet the specific requirements of
each lithographictechnologyand deviceprocess.
Although these requirements vary according to the radi­
ation source and deviceprocess, the following properties
are ubiquitous:
- Sensitivity-This property is the criterion used to mea­

sure the change in solubility ofa radiationsensitive
materialas a function of radiationdose per unit area.
Sensitivity is similar to the speed of photographic film.

- Contrast-Thisproperty is a measure of the rate of
chemicalchange (i.e., solubility change) under con­
stant radiation. Contrast indicates the resolution capa­
bility of a radiation-sensitive resist.

- Resolution-Thisis the smallest, lithographically use­
ful image or feature size that can be formed, and is
expressed in micrometers.

- Etching resistance-This is the ability of the patterned
resist to withstand the liquidor plasma conditions
used to transfer the resist image into the underlying
thin film.

- Purity-This property is of paramount importance
because tiny quantities of impurityatoms or ions can
adverselyaffectthe performanceof a semiconductor
device. The resist must be free from atoms such as
sodium, boron, potassium,etc., downto the part-per­
billion level.

All these properties can be achievedby careful manipula­
tionof the polymerstructure, molecularproperties, and
synthetic methods used to produce the resist.4

Resistsfunction by altering the solubility of the
polymerthrough radiation-induced chemical reactions.
These reactions can either increase the solubility (i.e.,
positive tone) or decrease the solubility (i.e., negative
tone) of the irradiated region.The terms positive resist
and negative resist reflect this change in solubility, as
illustratedin Figure 1. Both tones of resist have been
developed for all the lithographicoptions.However, it is
generally accepted that positive resists exhibit the best
overall performance.

The most widely used positive resists are those

that operate through a dissolution inhibition mechanism.
Such resists are generally two-component materials.
They consist ofan aqueous alkali-soluble matrix resin
that is rendered insolublein aqueous alkaline solutions
by the additionof a hydrophobic, radiation-sensitive
materialknownas aphotoactive compound (PAC). When
irradiated (i.e., exposed to UV light), the PAC is converted
to an acid that is alkali soluble. This permits selective
removalof the irradiated portions of the resist by an alka­
line developer. Figure 3 outlines the chemistry and
processes associated with these resists.

The best knownof these so-called dissolution
inhibition resists is the conventional positive photoresist,
a photosensitive material that uses a novolac resin (i.e.,
phenol-formaldehyde resin) with a diazonaphthoquinone
PAC as a dissolution inhibitor (I).The novolac matrix resin
is a copolymerof a substituted phenol (often cresol) and
formaldehyde.

These resins are soluble in organic solvents
making it possible to spin coat the surface with uniform,
high-quality, glassy films. The resins are also solublein
basic solutions,such as aqueous sodium hydroxide or
tetramethylammonium hydroxide (TMAH). The addition
of 10to 20 wt%(weightpercent) of the PAC renders the
novolac resin insolublein an aqueous base. When irradi­
ated, the PAC undergoes a chemical reaction,knownas a
Wolff rearrangement, followed by hydrolysisto generate
a base-soluble indene carboxylic acid.The exposed
regions of the film may then be removedby treatment
with an aqueous base.

Performance of Resists. While the componentsof
all conventional photoresists are the same, the precise
performancecharacteristics depend on the specific
chemical structure of the novolac resin and the PAC. 4

Unfortunately, these materials are not appropri­
ate for use with the new lithographictechnologies that
will be necessary for sub-Of-am lithography. The most
notable deficiency is in the sensitivity of these materials.

The sensitivity ofa polymerused as a photo­
resist is measured by its quantum efficiency, or the num-
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Table I. Performance Criteria for Deep-UV Resists
Radiation

* For toolsthat use conventional Hg sources, a sensitivity of
<10mJ cm" maybe required.

ber ofchemical eventsthat occurper photonabsorbed.
For most positive resists, the quantum efficiency is much
less than 1.0. (A value of1 indicates that one chemical
eventhas occurredfor each photon oflightabsorbed.)
The newlithographic techniquesgenerally havelow­
brightness sources and, therefore, require high-sensitivity
resists,withquantumefficiencies muchgreater than 1.

Deep-uv photolithography is likely to be the first
ofthe alternatives to conventional photolithography to be
used in manufacture. Wewill use it as an example ofthe
methodsinvolved in developing a newresist.

A New Resist for Deep-UV
TableI lists the requirements or performance

criteriafor a resist that will be needed for the deeo-uv
lithography technique. Onenewclassofmaterials that
meet the low-absorbance, high-sensitivity, and other per­
formance criteriainTable I for deep-uv resist materials
is the chemically amplified resists (which wediscuss
later).These resists are compatible withthe exposure
toolscurrently available as prototypes. In addition, these
materials showhigh contrast, goodprocesslatitude,
excellent thermalstability, and dry-etching resistance.

The processsequence in Figure4for these
chemically amplified materials is similar to that forcon­
ventional positive resists, although the post-exposure
bake (PEB) assumes a different role. Wewill use one

chemically amplified material to examine howeach of
the performance criteriais achieved through the careful
designand manipulation ofthe detailed chemical struc­
tures that will formthe resist.

Sensitivity of Resists. Sensitivity is a directmeas­
ure ofhowefficiently a resist respondsto a given amount

Post·
exposure

bake

Develop

Expose

Figure 4. In its simplest form, the conventional process
requires exposure of the resist, followed by development in
a suitable solvent. Chemically amplified resists require a
thermal step after exposure to effect the catalytic reaction
that leads to differential solubility.

Criteria

< 40 mJ cm"
>4

< 0.35urn
< 0.4fJ.m-1

; novolac-based positive photoresists
> 1year

Parameter

Sensitivity*
Contrast
Resolution
Optical density
Etchingresistance
Shelflife
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ofradiation and is similar to the ASA or ISO ratingof pho­
tographic film.

Aswithfilm, the resist's sensitivity must be great
enough to allow a satisfactory image (i.e., a pattern) to be
produced in the required exposuretime. Becausethe
new lithography toolsuse low-brightness sources and
exposure time must be minimized to ensure high wafer
throughput, veryhigh sensitivities are required.Sensi­
tivity valuesare reported in units ofenergy per unit area
(for example, millijoules per square centimeter, mJ cm"),
with smallervaluesrepresentinghigher sensitivity.

To haveradiation sensitivity, a chemical com­
pound must havebonds that undergo bond cleavage or
rearrangement whenexposedto radiation (photons, for
photoresists). In addition, these materials must contain
chemical moieties whose structure allows a specific wave­
length oflight to be absorbed and the photonenergy
transferred efficiently to the appropriate bonds.A
material that undergoes one or less chemical eventsper
photon absorbed is not likely to provide the required
sensitivity, i.e., less than 40mJ cm- 2.

Chemical Amplification. Several years ago,a new
classofresists wasdiscovered that achieve differential
solubility through a catalyzed chemical reaction.! The
term chemical amplification wascoinedto describe this
mechanism.

In a chemical amplification scheme,a photogen­
eratedspecies (N in Figure5) catalyzes manychemical
events such as the deblocking ofa protective group (P in
Figure 5) froma hydroxy-substituted polymer that is
soluble in an aqueousbase.The inherent sensitivity asso­
ciated withthe positive-acting, chemical amplification
resists emanates fromthe regenerationofthe acid (N),
which is available foradditional deblocking reactionsthat
occurduring the post-exposure bakingstep.Typical
turnover rates (i.e., the catalytic chain length) for each
acid molecule in a working resist formulation are in the
800 to 1200 range.The deprotection and turnoverrate
are critically dependenton post-exposure bake tempera­
ture, time, and methodofbake.

~o 0 + P t + [A+]
I I
H H

Figure 5. Chemically amplified resists operate on the princi­
ple of protecting or blocking a hydrophilic, base-soluble OH
group with a hydrophobic group, P. An acid (A+) is formed by
a radiation-Induced reaction. When heated, the acid catalyt­
ically removes the protecting group, rendering the polymer
soluble in the aqueous base. One acid removes 800 to 1200
P groups.

Material System's Characteristics. The matrixpoly­
mer used in the resist currentlybeingdeveloped for
manufacturing is poly(4-t-butoxycarbonyloxystyrene sul­
fone) or TBSS.6 In Figure6a,wehavehighlighted the
subgroupsand labeledthem I through IV, to illustrate
howthis system responds to radiation.

The t-butoxycarbonyl moiety (I) is hydrophobic
and does not allow the polymer to dissolve in an aqueous
base.The inclusion ofsulfurdioxide (III) in the back­
bone ofthe polymer affords a high T, (glasstransition
temperature) that provides greater ffexibility for perform­
ing the PEB at elevated temperatures to improve the sensi­
tivity. Also, the introduction ofsulfurdioxide intosimilar
polymers has effected improved sensitivity to deep-uv
and electron-beam radiation as a result ofradiation­
induced scission (i.e., breaking) ofthe C-S bond
(carbon-sulfur bond). In the presence ofacid, TBSS is
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Figure 6. Structure of
the new resist. (a) The
matrix polymer was
designed to contain a
thermally stabile yet
acid labile group (I), an

aromatic structure (II)
that provides radiation
and thermal stability,
and a C-S bond (III)
that decreases thermal
flow. In the presence of
a photogenerated
acid (A+), the hydroxyl

group (IV) is liberated,
allowing aqueous-base
removal of the exposed

regions. (b) The
organic photoacid
generator (PAG) is a
complex molecule that
contains both a
group (V) that effi­
ciently absorbs a pho­
ton and a strong acid
precursor (VI). The
energy from the
absorbed photon
cleaves the CH2-O
chemical bond, and
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released.
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thermally activated, and loses carbondioxide and iso­
butylene to formpoly(hydroxystyrene-sulfone) .The
hydroxyl (OH) group (IV) is the hydrophilic moiety that
affords the base solubility ofthis system.

The photoacid generator (PAG) used in this

systemis an organicester such as 2,6-dinitrobenzyl
tosylate.? This ester is known to absorb light efficiently
and then undergo a series ofrearrangementsand bond­
cleavage reactions to generate tosicacid (VII in Fig-
ure 6b), a strong organicacid. Tosicacidthen acts as the
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catalyst for the deprotection reaction we describedear­
lier. This complex chemistryresults in incredibly sensi­
tive deep-uv resists.

Contrast and Resolution. Achieving a contrast
value of4 or greater is alsoa difficult requirement. Like
sensitivity, the contrast ofa resist is a measure ofhow
the resist responds to incidentradiation and is related to
the resolution that can be achieved. Highercontrast
materials generally exhibithigher resolution.

To obtainhigh contrast,one must design materi­
alsthat exhibitan exceptionally nonlinear dissolution
responseas a function ofradiation dose. For the deep-uv
resist in Figure6a, this is done by converting the hydro­
phobic t-butoxycarbonyl group (I) to the hydrophilic
hydroxyl group (IV). This conversion, coupled withthe
solubility that is achieved onlywhen nearly100 percent
ofthe protecting groups havebeen removed, results in a
very-high-contrast resist.

Manyphysical and chemical propertiesof the
matrix polymer affect resolution. In addition to having
high contrast, the polymer must neither swell during
development nor deform (i.e., flow) at the elevated tem­
peraturesencounteredduringlater processes such as
post-development bakes.Achieving these properties
entails careful selection ofthe basicpolymer structure
andofthe solvents used as the developers (anaqueous­
base solution in our deep-uv resist example).

Optical Density of Resists. Optical density deter­
mineshowmuch light is absorbed per micrometer of
resist thicknessand is critical fordeep-uv resists. If the
absorption is too low, few photonsare available in the
resist film to inducethe desired photochemical reac­
tions. However, ifabsorption is too high, the photonsare
not deposited uniformly throughout the thickness ofthe
film, thus degrading. the shape (i.e., the p~ofile) oft~e
final pattern.A density value of0.4 urn- is the maxi­
mumvalue that will allow uniform resist imaging.

The specific organic structures contained in the
resist controlits optical density, and the detailed struc-

ture must be carefully designedand selectedto provide
the optimum optical densityand quantumefficiencies.
For the deep-uv resist being discussed, the optical den­
sityis controlled almostentirely by the structure ofthe
PAG (Figure 6b).The matrixpolymer TESS has minimal
absorption.

Etching Resistance. The etching resistance ofa
resist is a measure ofhowwell the patterned polymer
withstands the etchingor pattern-transfer step (Figure 1).

Throughout the industry, liquid acidic and basic
etchingprocesses havebeen replaced withdry-etching
methodsthat relyon high-energy, gas-phase, plasma­
enhancedchemical reactions. These techniquesalso
exposethe patterned resists to high levels ofradiation
and heat.The pattern transfermust be done witha
change ofmuch less than ±10 percent in the finestfea­
ture size, and this represents an extraordinary demand
on the polymer.

The sensitivity requirementsdemandthat a
resist systemrespond strongly to radiation, while etch­
ing resistancedemandsradiation and thermalstability, a
real dichotomy. For the deep-uv resist,we dealwith this
problemin twoways:
- The photochemistry required for high sensitivity

occurs in the PAG (Figure 6b),which is a tinypercen­
tage ofthe total resist mass.

- The etchingresistance is achieved with the photo-
chemically stable,TESS matrixpolymer.

Radiation and thermal stability is provided by careful
design ofthe matrixpolymer. The aromatic organic
structure (II in Figure6a) has excellentradiation and
thermal stability. In addition, to minimize thermalflow,
we incorporated the C-S bond (III in Figure 6a) in the
polymer backbone, which increasesthe melting point
of the polymer.

Optimizing the Process. Oncewe havedefined the
material's chemistry, we must then optimize the process
for using the resist. Figure 7 outlineseach ofthe stages
or steps involved in the lithographic process. (A dashed
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Figure 7. Though sim­
ple in concept, the
lithographic process
is a sequence of as
many as 11 steps,
each critical to the
resist's performance.
For a complex VLSI
device, this sequence
is repeated up to 20
times. The operating
variable of each step
must be carefully
optimized; this pro­
cess development is
a tedious and expen­
sive task.
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- - - OPtional step, depending on the

resist chemistry and process
_ Wet chemical steps

box signifiesthe step may not be required in every resist
process.) Here, we providea brief statement about the
purpose of each step:
1. Cleaning-A key requirement for any devicesub­

strate is that it be cleaned before depositionof the
resist. To avoid adverselyaffecting the lithographic
process, a substrate must be atomically clean and
free ofany contamination.

2. Spin coat-After cleaning,the resist is spin coated
onto the substrate to obtain a uniform, adherent,
defect-free polymeric filmover the entire substrate.

3. Pre-bake-The resist is dried to remove any residual
solvent.

4. Exposure-The photochemicalreaction required to
change the solubility of the resist takes place during
this step.

5. Post-exposure bake-For the deep-uvresist we have
described here, the post-exposure treatment is a

baking step. This bake induces the deblockingreac­
tion that changes the polarityand, thus, the dissolu­
tion characteristics of the polymer.

6. Develop-After the latent image has been formed in
the polymeric resist film, the image must be devel­
oped to produce the final, three-dimensional relief
image.The developerselected must produce images
that deviateless than ±5 percent from the desired size.

7. Post-bake-After development, the structure often
undergoes a bake step to dry and harden the resist
image.

8. Plasma descum-Before substrate etching, a plasma
descum step may be used to remove trace organic
residues in the developedregions of the resist.

9. Substrate etch-This step, like development, is ex­
tremely critical. Dry-etching techniques are generally
used for high-resolution lithographicprocessing.

10. Strip-The resist may be stripped using either
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liquid- or oxidizing-plasma processes.
11. Inspection andtest-The substrate is then inspected

for defects and tested.
These steps are repeatedas manyas 20times

during fabrication ofa complex VLSI device. [Forexam­
ple, a staticrandom-access memory (SRAM) requires 14
iterations.]

Future
Asdevices with features below 0.2 urn become

a reality, processand contamination control become
increasingly important issues. Dry processes have
replaced many conventional, wet-ehemical processes.
Pattern etchingis a good example. Plasma-assisted etch­
ingprovides excellent control ofcritical dimensions.

Anaturalextension is to convertall the fabrica­
tion steps intovacuum processesand integratethem
intoa continuous productionline. Resist processes
representthe mostdifficult group to convert because
new materials and methodsmustbe invented to replace
existing ones.

Several schemes that involve patternformation
inplasmas are currently under investigation in research.
Inaddition, direct material growth, removal, and modi­
fication are allpossible duringexposureto patterned
radiation.

Totally dry lithography represents a consider­
able challenge, and much research remainsto be done.

Summary
The unabated progress in designand integration

ofVLSI devices continues to demandincreasingly smaller
and moreprecisedevice features.

Currently, almost all commercial devices are
made by photolithography using UV radiation in the
wavelength range of365 to 436 nm. Butwithin the next
5 to 8years, newlithographic strategieswill be required
to meet resolution needs that will likely extend
below 0.5 urn,

Technologies under development include

electron-beam, ion-beam, X-ray, and short-wavelength
lithographies. Electron-beam lithography is already an
important technology in the manufacture ofchromium
masksandcustomVLSI devices. Eachofthese alternative
technologies will require newpolymeric resist materials
and processes. This paperhas discussedone approach to
resist designapplicable to deep-uv lithography.

The futureofmicrolithography is bright and con­
tainsmanychallenges in the areas ofresist researchand
associated processing. The methodswehavedescribed
for the designand processing ofthe deepuv resist are
being applied to the other lithographic technologies.
Within 10years,manynewmaterials will be common­
place in manufacture.
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Appendix A. Making a Transistor

Amicrochip containsmanythousands ofelec­
tronic components squeezed intoa thin sliverofsilicon,
called a substrate, that is less than 0.4 inch (1 em)
square. The components and alltheir connections are
built up in layersofmaterial in complex patterns.These
components and connections are madewithmasks pro­
duced by exposing large patterns photographically. (The
code letter in parentheses refers to the corresponding
sketchin the figureon the left.)

First Masking (a). The silicon substrate is coated
first with silicon dioxide, which does not conductelectri­
city, and then witha substancecalled photoresist. Shin­
inga lightor X-rays (as illustrated) through a patterned
mask hardens the photoresist. The unexposed parts
remain soft.

First Etching (b). A solvent dissolves the soft,
unexposed layerofphotoresist, uncovering part of the
silicon dioxide. Next, the silicon dioxide is chemically
etchedto reduce its thickness. The hardened photoresist
is then dissolved to leave a ridge ofdioxide.

Second Masking (c). Layers ofpolysilicon, which
conducts electricity, and photoresistare applied and a
second maskingoperation is then executed.

Second Etching (d). The unexposed photoresistis
dissolved and another etching treatment removes the

polysilicon and silicon dioxide beneath it.This operation
uncovers twostrips ofp-type silicon.

Doping (e). The hard photoresistis removed.
Now, the layersundergoan operation called doping,
whichtransforms the newly revealed strips ofp-type sili­
con inton-type silicon.

Third Masking and Etching (f). Layers ofsilicon
dioxide and photoresistare added. Masking and etching
create holes through the layers to the dopedsilicon and
centralpolysilicon strip.

Completing the Transistor (g). The photoresistis
dissolved, and a final maskingstage adds three stripsof
aluminum. These strips makeelectrical connections
through the holes and complete the transistor. In this
transistor, known as an MOS (metal-oxide semiconduc­
tor) type, a positive charge fed to the gate attracts elec- .
trons in the p-type silicon substrate. Current flows
betweenthe source and the drain, thereby switching on
the transistor. Anegative charge at the gate repels elec­
trons and turns offthe transistor.

(Manuscript received August 22, 1990)
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