Chapter 1I

Introduction and Theory
1.1 General

I
Astonishing progress hd%;peen made in very large scale

intregated (VLSI) eleetronic déﬁiﬂﬁg in the past decade. These
= -’ ="
advances are plag;gg: inchasing demands on microlithography,

the technology u865f :

|
o  generate the high resolution circuit

elements charact Qﬂﬂﬁ tbgay’s integrated circuits. In 1976,

state-of-the-art .bo;Lained a few thousand transistors

with minimum fe oﬁ é 6 um. In the comparison, today’s

devices contain ’”? m}lfion transistors and minimum

s F /N
features of 0.9 um. %}hln theﬁﬁext '10-15 years, some new form

of 1lithography will be rgqulréﬁ:w1th a capability of routinely

=i

producing featutes off . 5 umd The alterﬁgxlves to conventional

photollthographyj are short- waveleg}gh photolithography,
scanning electroﬁ beam lithography, “X-ray 1lithography, and
scanning ioen pbean ~lithegraphy s,:1No ~matt.er which of those
technologiesybecome dominant, new resists and processes will be
required.gdin~addif iong-tthe) necessity, gtopaceommodate the effect
of topogrébhicél features on the wafer surface that is exacer-
bated by the continuous decrease in feature size will demand
some form of "multilevel" scheme. In the simplest mnmultilevel
schéme,.resist is required to function as both a radiation-
sensitive imaging material and a pattern-transfer mask for the

reactive ion etching of the thick planarizing layer.



Astonishing progress ' has been made in microelectronics,
especially in the technology of lithography used to generate
the high resolution circuit elements characteristic of today’s
integrated circuits. In 1976 the state-of-the-art dynamic
random access memory (DRAM) device was capable of storing 4000
bits of data and had 5-6 um minimum features. These devices
were patterned by photolithography using either contact
printing or, the relatively}fggy, 1:1 projection printing.
Today, devices with one millioﬁ'%its of storage capacity are
commercially - available wiih mininmum features of 0.9 unm.
Surprisingly, phefé}iihogra hy is still the technology used to
fabricate microe{f;$ronic_ éhips. Step-and-repeat 5x or 10x
reduction camenﬁs ; hagh&y sophisticated 1:1 projection

F
printers’ are thg’d@mlnant pﬁlntlng tools. There is perhaps no
better example thhn llthogrggpy to illustrate the uncertainty

associated with predlctlng teéﬁpologlcal direction and change.

In 1976, it was genegqlly belﬁgygg that photolithography would

not be able to;ﬁkoduce features smaller;@han ca.1.5-2.0 um with
high chip yiel&éﬁin a production envirodﬁint.The current, belief
is that conventi6nal photolithography Wwill be able to print
features as?Z Smabll as) /05 gans’ andpowill remain the dominant
technology well into the first half of the 1990s. The same
basic positive photoresdist tbagsed on"a)diazonaphthoquinone photo-
active compound and novolac résin that has been in pervasive
use since the mid-1970s will 1likely still be the resist of
choice. The cost of introducing a new technology and the cost
associated with development and implementation of new hardware
and resist materials are strong driving forces pushing photo-

lithography to 1its absolute resolution limit ‘and extending

its commercial viability.



The technological alternatives to conventional photo-
lithography are largely the same as they were a decade ago,
i.e., short-wavelength photolithography , scanning electron
beam lithography, X-ray lithography , and scanning ion beanm
lithography. It is not intend of this thesis to discuss the
various lithographic technologies in detail ; however, each
will be briefly summarised so that the resist can be better
appreciated. No matter which téchnplogy becomes dominanﬁ after

photolithography has reached ‘ité limit, new resists and
-

processes will be reguired, | necessitating enormous investment
in research and process development. The introduction of new

resist material® fand processes will also require a
F. i

considerable leaf gime, probably in excess 3-6 years, to bring

/

them to  the fbef}ofﬁqpce};rlevel currently realized by

#

conventional positive/ photoresists.
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A modern intgg;aﬁed éﬁgggit is a complex three-dimen-

tional structuré{of alternating, pattern%d layers of conductors,

T |

dielectrics, 5ﬁﬁ semiconductor films.fTiis structure is fabri-
cated on an ultrahigh-purity wafer substrate of semiconducting
material suchtaspsilicon & The performancey «of the device is to
a large degree governed by the size of the individual elements.
As a general)rnle, <the snaller felements,0 the ~shigher device per-
formance. The device structure is produced by a series of steps
used to precisely pattern each layer. The patterns are formed
by 1ithographi§ process that consists of two steps : (1)delinea-
tion of the patterns in a radiation sensitive thin-polymer film,
and (2) transfer of the pattern with an appropriate etching
technique. A schematic representation of the 1lithographic

process is shown in Figure 1.1. Each types of resist will be



discussed in detail in the latter.
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1.2 Microlithography

Figure 1.2 illustrates a typical procedure employed

in the production of integrated circpits.
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Figure 1.2 Photolithography using positive resist.

,ljl Remmal of the ﬂ
ﬂ

1.2.1 Passivation

In order to protect the surface of silicon and to dope

it only at the desired positions, the silicon wafer is covered



with a thin layer of SiO, (0.1 um). This oxide is impermeable
to boron atoms and to impurities like oxygen. Silicon dioxide
can be stripped by hydrofluorié acid (silicon itself is not
attacted). Therefore, to strip selectively the oxide layer and

to obtain the design of a circuit, given positions have to be

protected.
1.2.2 Coating J

The passivabed silicon surface is spin-coated with

a * polymer i:zﬁpfl Am tﬁlckness which is suitable for high
A

resolution. is folIowed by an annealing to remove the

solvent and fav efathSLQn of the resist on the substrate.

To obtain a unif thlcknes the resist and wafer have to be
)' -‘," ]
hf ‘jL

I -.-.a-_‘.
e o #or
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#

clean.
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1.2.3 IrradiatiBne ?E~

P |
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b £
Subseqdﬁixly, the polymer film _is irradiated using a
mask. The irradiation induces a modification of the polymer

linked to the tenergy" absorbed byoits

w204 Meve Lopment

Areas of +the resist layer which are exposed to light
become detected in the subsequent development process.
Depending on whether the irradiated or the non-irradiated re-
gions of the polymer remain on the substrate after devélopﬁent,

the polymer are classified as negative or positive working.



1.2.5 Removal of SioQ,

In the non-protected zones, the silicon dioxide layer

is etched away by hydrofluoric acid or by plasma.

1.2.6 Removal of the resist

The resist is removéd?,and the substrate 1is only

partially covered by the silfcﬁﬁ. dioxide layer. " Windows"
v

have been opened which make the silicon substrate accessible

_.

for further treatment such aﬁ doping.

] _1-
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ac uxq ef = tran31stor needs at least four

lithographic steps. Fofte s up to twelve lithographic steps

are necessary forn m ré SQphlﬁilcated circuits. Therefore, the
.rli-i wdlla

precision of superp s;tlon is pingreat importance. The resists

-..ra-..

— _-

used must have veryi. pargﬁgnlﬁr properties because the

sharpness of Rﬁﬁe designs and these sizég will be dependent on

the quality of %ﬁese resists and on the radiation used.

S e

1.3 Types of Microlithography

14871 Short=Wavelength Photoldthography

The major advances in this technology in the past
decade are improved quartz lenses and high-output 1light
sources for projection cameras. Several step-and-repeat 5x and
10x reduction systems that use eximer laser sources have been
designed and/or built. Systems using refractive optics require

o
a very narrow bandwidth light sources (<0.001 A ) since it is



not practical to correct for chromatic aberrations in quartz
lenses. Laser sources provide narrow bandwidths with enough
intensity to accommodate resists with 50-150 mJ cm
Sensitivities, enabling a rather wide choice of. resist
chemistries. Some work 1is also being done on 1:1 refractive
projection systems wusing conventional, wide bandwith Hg arc
sources in the 200 - 260 nm region. However, since the
intensity of these sources 1sfless than that of laser sources,
more sensitive resists (<20 mJ €m" ) will be required for high

; -
throughput. |

1.3.2 X- Pﬁgii thographz

jfxr’
F #
Early woy& ;1? X ra: llthography followed the general

strategy of conveytional 1 1 p tlcal projectors and used elec-
JIJ v'afd

tron bean bombardmént X-rays ’ggurces. The power from such

— _-

sources is limited bx—,therma%ggqns1derations, and in order to
et oY BB

minimize the %ﬁbnumbral shadowing, th&; distance between the

; w g F " g
sources and mask-wafer combination must be relatively large,

making the incidént reflux on the wafer small. These two limit-
ations necessitatie resists/ aith) sensitivities of <10 mJ cm .
This extremely high sensitivity requirement substantially
limits™, the chemistries) |available for resist ddsign, and only
negative materials have been repeated with satisfactory sensiti-
vity. Although able to demonstrate submicron resolution,
these negative resists are limited to features of at least
0.5um or larger.More recent work in X-ray lithography have been
directed towards step-and-repeat systems that utilize high-
intensity synchrotron radiation sources. Storage rings capable

of producing X-ray in the wavelength region of interest are now



smaller and cheaper than those available 10 years ago, and when
compdred to other lithographic hardware options with submicron
capabilities, they are within economic reach. In addition, the
brightness of synchrotron sources is sufficiently high so as
to permit the use of resists with 50-200 mJ cm ~ sensitivities,
thus allowing a wider choice of chemistry to design resists

having resolution and submicron process robustness.

F 4
f” i

1.3.3 Electron Beam LitHog¥aphy
J

-

This teci;g}agy 18 the most mature of all of the alter-
natives to phoiﬁf}khography.. Electron beam lithography has

been 1investigate at/s many aindustrlal laboratories for well

over a decade. ffizs; form of lithography utilizes a focused

beam of electrons that sdanned under computer control
.'n J'.h

across the resist —rcoated subsﬁ?ate. Early system operated at

=

_-

a modulation rate of 19749 MHZ;}@ng;utlllzed a Gaussian, round

beam, 0.5-2.0 umiin diameter. This maébine requires approxi-

mately 1 hour tﬁfwrite a pattern into a:ﬁ{inches diameter wafer
utilizing a tungsten emitter as a source of electrons and a re-
sist of sengitivity 18 ACcm_z.‘ Newer~systems employing either
LaB_, or field emission electron sources, shaped beams, and modu-
lat ion~f regwenecies «of <> £400gMHz) have ga gapability of producing
10-30 wafers per hour and require resists with sensitivities
of 1-5 uC cm” ~ at 20 kV. Electron bean lithography offers high
resolution (<0.1 um) and extraordinary registration accuracy,
which is important when writing VLSI patterns directly. The

major disadvantages of electron beanm lithography are the high

cost, low throughput, and physical size of the hardware.
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1.3.4 Scanning Ion Beam Lithography

This is the newest technology and is similar to
scanning electron beam lithography in that it utilizes a finely
focused beam of ions that are scanned under computer control
onto the wafer. The ions either may be directly implanted into
the substrate or used to expose the resist. Ion bean
lithography 1is many years  auay from industrial use as a
lithographic exposure method. < Interest continues to be shown,
however, since it is devoid of preximity effects. 1In addition,
it 1is capable of inlantﬁng a wide range of atoms directly
into a semicondu@f;?'matefiaitlthus eliminating the ﬂeed for a

\ 4
'J..

resist. r 4
id

In above meytioh"*@he ~resist requirements of the dif-

Al o Y
ferent lithographic op%igps,it_@gh@lear that new resists should

=

be sensitive to the expdénre ﬁﬁﬁ&gtion and are compatible with
= 2

advanced proces?éng requirements. Furtgér, the necessity to

il
|

accommodate subgtrate topography will lfkely demand some form
of "multilevel" Tresist technology. This technology utilizes
two or more disereteplayers, each of wvhich-imparts a specific
function. €onsiderable work is under way to develop suitable
nultilevelsresists .and-processes. Im partieular, there have
been numerous reports on metal containing polymers suitable
for "bilevel" applications, which are the simplest multilevel
schemes. Since all the alternatives to conventional wavelength
photolithography employ rather high energy radiation, the
resists are very similar, with a given chemistry finding appli-

cation to most new lithographic technologies.
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1.4 Resists

Resists are polymers which wused for resistance to
etching in lithographic steps. Lithography has been associated
with the printing industry. However, the manufacture of
printed circuit Dboards, " microelectronic chips, and other
photofabricated products also involve the use of photosensitive
' polymers to form images. Each‘fyéygtfial application requires a
specific set of polymers, sensitizérs, and developers, but the

-
fundamental concepts.~of image formation and image transfer

7y

y

1.5 Chemistry ofrpffﬁépg -
rF-
rr-

remain the same. o E

a ¥

-}

B ¥
‘

b
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There are _f%u%;1§ﬁes of resist chemistry, which are

F
' Iy

il LI
single-level resigt . —chemistry, non-conventional resist
A il
chemistry, multilevel f]resié?ﬂ;_ chemistry and gas-phase
et e Y [l TN

”

functionalizat1§§.
Yy

| 'r,- i =

1.5.1 Single-Level Resist Chemistry

The resists are divided into two classes depending on

their behaviorrunder, irradiatiion:
1.5.1.1 Negative Resists
Polymers that become less soluble after exposure to

irradiation are potential candidates for use as negative

resists.
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S S Irradiation

Chain Crosslinking

Figure 1.3 Chemical reaction occurring during irradiation of
¥
negative resist;{f;;

- =
Figure 1.1*gxhibitedkthat the irradiated regions of the

negative resist reﬁgiv aftei development. in a suitable solvent.

Most negative-a HyES}Sﬁﬁﬁ become insoluble through some
F o - £l

ced eross-linking reaction as shown in

-F ’ L 'i

mon ‘negative resists are soluble in

type of irradia

Figure 1.3. The m

i - il )

organic solvents, iich, . in~ turm, are used as developers.
o A

FYEY >, qr-h

Since polymer diss®lytion oceurs first by swelling of the

matrix followed by chain di?égganglement, it is critical to

select a deveLﬁber that minimizes swelkﬁng of the cross-linked

regions, thef@éy facilitating high “fesolution. The ideal
developer should“£e a kinetically good, but thermodynamically
poor solvent® for fthe resister This] tensures=that developer will
dissolve thejjunexposed regions of the film while minimizing
the swelling cwvolumes’ of | thepdrradiated regions in a given

development time.

The sensitivity of negative resists is generally
higher than that of positive systems since fewer events per
chain are required to achieve differential solubility. In
addition, in some negative systems, a chain reaction occurs

yielding even higher sensitivities. Negative resists are
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generally characterized by good adhesion and plasma-etching

resistance.

Single-component resist systems have found broad
application as resist for the higher energy 1lithographic
techniques such as electron beam and X-ray 1ithography‘and to
some extent deep-UV lithography. Three classes of cross-linking
polymers have been reported aéfgﬁsful negative resist (such as
epoxy—(glycidyl—),vinyl—, andlﬁlﬁglogen—containing materials
(Figure 1.4)), and the radigtion senéitive unit is an integfal

parts of the polyﬁér"Crosstlinking of the radiation-sensitive
moieties frequeijjgjxoccurs . via chain mechanisms that lead to

VINYL (ALLYLY
4=

#

JHALIDE

T
e
w
-

Figureps1.4 |Radiatdonssensdt ive (groups @ise in negative,

cross-linking resist systenms.

high cress-linking efficiency and high resist sensitivity.

Polymer molecular properties such as molecular weight
and molecular weight distribution have a profound effect on
the 1lithographic behavior of these single-component, negative
resists. As exemplified by studies on the electron bean

sensitivity of poly(chloromethylstyrene) (PCMS) resist, an
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increase in polymer molecular weight by a factor of 10 results
in about a tenfold increase resist sensitivity (Figure 1.5)
C1,273. Though resist contrast remains unaffected, resist

resolution decreases with increasing molecular weight due to

Figure 1.5 EfffctZof b

SenSiEéﬁ@%@}ifﬁ

LT —

Alternatively, resist

- molecular weight on resist

increased swel ﬁ_
contrast 1is affected by Ehe molecgﬂar weight distribution.

Decreasing ﬂﬁf}é‘imﬂﬁw ﬂo‘!]eﬂﬁ contrast (Figure

1.6) and improved resolution.

PMIAINTUNN NGNS Y
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Figure 1.6

It is wel wa that un urated carbon-carbon bonds

typically undergo iation-induced polymerization or cross-

o : hemist: ry - has Dbeen extensively
sign of neg .lgéion—sensitive resists.

s oo )
One exanmple of :ich a material is poly(allyl methacrylate-co-2-

hydroxyethyﬂ ﬁﬁﬁ%ﬂ YI }j:qw‘zﬂmllﬂ?eoccurs through the

)
unsaturared q__]side chain, an h ectron am sensitivity has

¢

been ﬁTWbTalqﬂ .mxﬁjminwﬂﬂfﬁﬁction, however,

resultsy in post-irradiation reaction that leads to low resist

linking reactie

utilized in the

contrast and resolution. Due to its aliphatic nature, this
material exhibits marginal dry etching resistance. Poly
(diallyl o-phthalate)(PDOP) is another example of a vinyl-
containing resist. However, this material has not been used
extensively due to its poor contrast and rather poor shelf

life.

019648
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The epoxy moiety is well-known .to undergo efficient
cross-linking reaction under high energy radiation via a chain
mechanism whereby radiation generates a reactive oxygen
species that readily reacts with the epoxy moiety on a
neighboring polymer chain, resulting in formation of a cross-
link and corresponding propagating radical. This chain reaction
mechanism leads to highly sensitive resists with high cross-
linking efficiencies. Howevef{fép a vacuum, a post-exposure
curing reaction similar Ef tﬁétgobserved with the vinyl-
substituted systems.is also observed. In the vacuum environ-
ment of an electroﬁi am eprsure system such reaction results
in a growth of feﬁff%i size that is dependent upon the time the
material remalnS/zfyfvacuo—aﬁter exposure. Since this reaction
is diffusion p%%jled thehpxtent of reaction is also depen-
dent on the glass pTan51tLon nﬁmperature tT,). of he reéist

AL Tdla

and may be m1n1mlzed'by u51ng fegﬂsts with high Te

et o f o ;—-3

The igéorporation of halogenf;groups into acrylate-

and styrene—gg;ed polymer has beeﬂ‘ifound to facilitate
radiation-induced cross—-linking with high cross-linking
efficiency.. The{ m€chanism) inVvolyves |radiation induced cleavage
of the carbon - halogen bond to generate a radical that may
undergo tearrangement, .y abstitdction, /oy recambination reaction
leading? to the formation of a cross-linked network. The
mechanism has been extensively studied by Tabata and Taganal48].
The localized nature of the cross-linking reaction in these
polymers, as opposed to the chain propagation mechanism found
in the epoxy- and vinyl-containing resists, eliminates the

curing effects common to the vinyl and epoxy materials.
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1.5.1.2 Positive Resists

Materials that exhibit enhanced solubility after
exposure to the radiation are defined as positive resists. The
mechanism of positive resist action in most of these materials
involves either chain scission or a polarity change. Positive
photoresists that operéte on the polarity change principle
have been widely used forkigpff fabrication of VLSI devices
because of their _hish resolubdon.  and excellent dry-etching
resistance. Ordinariily thér chain scission mechanism is only
operable at phoh6ﬁ£(€;rgieﬁ below 300 nm, where the energy is
sufficient to f{:f:i wpagpichain bonds. The chemistry
associated with Bdéigéfé‘fééi;ts is described below.

F ! 5
r .

F alldg
f‘#ﬂv‘ R s 3
£.5.1.2,.1 Chain Scission Resists
bl
FYEY B £
/ A,
bz

The "classicf{ﬂﬁbsiti?ﬁ;;gesist that undergoes chain

scission upon. radiation is Poly(methyl methacrylate) (PMMA).
—r" o l
o

PMMA was first'¥éported as an electron

Irradiation
AN N O R TR P TN > NN, Foo NN

Chain Scission
Figure 1.7 Chemical reaction occurring during radiation

of positive resist.

beam resist by Hatzakis [41, and it is still considered to be

one of the highest resolution materials available. The
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accepted mechanism involves radiation-induced cleavage of the
polymer backbone, resulting in reduction in polymer molecular
weight and enhanced solubility of the exposed regions (Figure 8).
Choiée of an appropriate developer such as methyl isobutyl
ketone allows selective removal of the radiated areas with

minimum swelling of the remaining resist.

The ther ass of "chain scis 3'i positive resist is

-

olefin énd sulfur di
s

structure stﬂ E}j‘nfjﬂ ﬂﬁ WEga’Terjly weak C-S bond is

readily cleaﬂed upon irradiation, a several sensitive resists

have hTWdTWﬂ ?ﬁmﬁqﬁ ler&Ta?vJE] One of these

the poly(olefi are alternating

copolymers of oxide having the general
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Rv

Figure 1.9 Structure of the poly(olefin sulfone) resist

materials.

materials, poly(1-butene sg{gone)(PBS) have been made

commercially avalable for mask makigg
-

— |
i |

7.1.2.% Solution Inhibition Resists

" resists operates via a dissolution

This
inhibition aﬂd '1s typically composed of two
components. compéﬁ%ﬂt in most resists of this type
.-J "vlf-h

is an alkali—soluh'e res1n_~ﬁﬁﬂt 'is rendered insoluble in

-.i.r‘.-

aqueous alkali solutLons ;ﬁhxpugh incorporation of a
e el

hydrophobic, {éﬁiatlon sensitive mahe&}al. Upon irradiation,
the hydrophobf@i.moiety may be either removed or converted to
an alkali-soluble species, allowing Selective removal of the

irradiated pontionssofythe] pesist by an dalkali-developer.

The ~ besty knoungydisselution inhibiticn resist is
"conventional positive photoresist"”, a photosensitive material
that wuses a novolac (phenol-formaldehyde) polymer with a
diazonaphthoquinone photoactive dissolution inhibitor(PAC). The
novolac matrix resin is a condensation polymer of a substituted
phenol (often cresol) and formaldehyde. These resins are
soluble in organic solvents, facilitating spin coating of

uniform, _high quality, glassy films. In addition, they are
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soluble in basic solution such as aqueous sodium hydroxide
(NaOH) or tetramethylammonium hydroxide (TMAH). The novolac is
rendered insoluble in aqueous base through the addition of
10-20 wt % of the PAC. ﬁpon irradiation, the diazoquinone
undergoes a Wolff rearrangement followed by hydrolysis to

generate a base-soluble indenecarboxylic acid (Figure 1.10).

Figure 1.10 iation of a typical

stituted diézbnaphth quinone dissolution

ﬁuﬂﬁwﬂwswawnﬁ
T RIS A I Ty YR e e

Th
treatmeqt with aqueous base.

While the basic components of all conventional photo-
resists are the same, the precise performance characteristics
depend on the substitution pattern on.the novolac resin and/or

PAC.



1.5.2 Non-conventional Resist Chemistry

Through creative chemistry and resist processing,
schemes have been developed that produce positive-tone images
in positive photoresist. One embodiment of these "image
reversal" processes requires addition of small amount of base
additives such as monazolin%, imidazole, or triethanolamine to
diazogquinone-novolac resisté:ﬁ@ke doped resist is exposed, and
finally developed ..in aquspusf“ﬁgée to generate high-quality

negative-tone images. Thelchemistry and processes associated
,, v
with this systemﬂi?ff

base-catalyzed déc jﬁkgtibg;of the

Qhown #f Figure 1.11C5]1. Thermally induced,

4 0 N COOH
Py ZIR7; . e e O
EXPOSE + H20 e

o A
| £05Coz
Ak ‘f’ 2 * Z-ﬁ !’-n

i’ DEVELOP e

Figure 1.119Image reversal process and related chemistry based
ofi} allconvéntiondl poesitivel phototesist and monoazo-

line.

indenecarboxylic acid destroyed the aqueous base solubility of
the exposed resist. Subsequent flood exposure renders the
previously masked regions soluble in aquedus base, allowing
generation of negative-tone patterns. It 1is not always

necessary to add the base to resist prior to exposure.
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Alternating image reversal processes have been developed
involving treatment of exposed photoresist with a gaseous

amine in a vacuum environment.

As device features move into the submicron regime
requiring development of advanced processing techniques and
introduction of new lithographic technologies, resist
materials with improved etéﬁi@g resistance, resolution, and
sensitivity will be regPiréﬁ:ﬂf One approach to improve
sensitivity involwues the concept of ehemical modification. Aryl-
diazonium, diaryrfg! ﬁ}um, ?nd triarylsulfonium metal halides,
for example, ijg:iz;ssopiatgd upon irradiation to produce an

’aéﬁjignggcat Xze a variety of bond-forming or
. [k ;

bond-breaking reac

acid that can,

ns in a .surrounding metrix. The quantum
' | F " 2
W 2k 4
hféeaqtlon;'s thus effectively much higher
i Al . Y

than the quantum yiJldﬁf@T iniﬁiﬁﬂ onium salt dissociation.

efficiency for s

e ‘.Jl_‘_' "

= Forue-

This -péinciple has been useéiﬁto design a number of

negative resists based on acid c&gglyzed cationic poly-
merization of aﬁgropriate monomers; ;ﬁowever, such materials
generally [(exhibit® peor contrast and | resolution. A notable
exception is| a three-component resist developed by Feely et al
consisting ‘of.a.“blend of novolac resin, melamine cross-linking
agent, "and acig generator. Iradiation of this three-component
resist generates an acid catalyst that induces formation of a
cross-linked network between the novolac metrix resin and

amine additive.
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1.5.3 Multilevel Resist Chemistry

The increasing complexity and miniaturization of the
integrated circuit technology are pushing conventional single-
layer resist processes to their limit. The demand for improved
resolution requires imaging features with increasingly higher
aspect ratios and smaller line-width variation over steep-
substrate topography. The dec%éa§g in feature size can lead to
other problens associatedﬂ)witﬂ'w%he particular lithographic
technique employed« For instance, in photolithography, feature
size can be affected by st?nding wave-effects and reflections
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contrast enhancemeﬁtg;nmatengggﬁ. These techniques can be

conveniently dividedﬂipﬂo twdﬁﬁgpgd categories. The first one

includes those systems employing a sepérated planarizing layer
— - i

that may be déégloped with wet or dryﬁkaE) techniques. The
second category“'uses thin organic ffims that have precisely
designed light absorption ~ characteristics. Antireflective
coatings areé designed to be highly absorbing at the exposure
wavelenighlbl “and  fate “appliedl (between| (the| Substrate and the
resist.? Contrast enhancement materials are generally applied
to the surface of the resist and through photochemical
bleaching during exposure, in order to improve the quality of
the aerial light image.

The available planarization processes are summarised in
Figure 1.12. Most of these approaches are based on spin coating

thickness (1-2 um) of films of thermoplastic materials such as
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PMMA, polystyrene, polyimide, or novolac resins (usually in
conventional photoresist formulations) onto the surface of the
wafer. There are two types of planarizing that are important
for lithography : (1) local planarization, which is the ability
to planarize closely spaced features, and (2) global planari-
zation, = which is the extent to which a large area (wafer) with

both closely spaced and 1solated features are planarized.
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Figure 1.12 Proeess sequence for several mnmultilevel resist
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schemes.

Local planarizatioﬁ is easily achieved by spin coating
a polymer ©and baking;rhowever,” global ‘plandsization is almost
never achieved by this process. Global planarization is
important to produce a perfectly level sufface that will
minimize depth-of —fécus problems associated with variation in
film thickness resulting from topographic features on the
wafer surface, induced from previous process. Important
characteristics for a planarizing polymer system induce dry-

etching resistance, solution viscosity, flow characteristic at




both room and elevated temperature, thermal stability; and ease

of final stripping.

A novel multilevel technique, known as contrast
enhancement (CEL), addresses the problem associated with a
reduction in the contrast of the aerial image tﬂat occurs as
the resolution limit of an optical imaging system is
approached. As line width déé{bﬁ§es, the contrast between the
projected clear and opaqgs reé&gzs of a mask deteriorates as
dose the ability of the re51$t to resolve those features. The
CEL technique IZE:QVX co%}rast of “the aerial image in the
resist, thereby 1ng tp a.gharper latent image and improves
resolution. The ptrilﬁ?s photobleachable materials that
freubunubleach (i.e., become transparent)
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a‘ion ' The maberials are coated directly
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are opaque before.
on exposure to ra
onto the surface of

process are such that {ghg trapSglLted image is of much higher

contrast than thé incident aerial 1ma2e,ivthereby improving the

Y
resist ability te discriminate mask nfeatures. The optical
density of CEL ffims should be greaté} than 2 for thickness

less than 0{5 am.

The “fixrsl CEL systens’ déscribéd by Giiffing and West
(61 consisted of an organic dye dispersed in an inert polymer
film. The material is spin cast onto the surface of the resist
and subsequently removed following exposure but prior to resist
delopment. The chemistry of this system is based on the
photoisomerization of an aromatic dye to an oxaziridine.
Several applications have been presented to demonstrate the

advantages of this two-level CEL process over conventional



single-level lithography.

A single-component CEL system based on the photo-
bleaching of polysilanes was reported by Hofer et al [71. This
mid-UV material takes advantage of the shift in the absorption
maximum of polysilanes to shorter wavelengths upon radiation-

induced chain scission.
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It is predieted thatﬁ“fiL techniques will extend
-
resolution to feature sizenas small as 0.4 /NA, or 0.6 um for

currently avalli:EE,ékposurf tools operating at 405 and 436 nm

[NA is the nume apertﬁre of the exposure systeml]. The
currently avai b , mater;als afford improved resolution,

‘nd 1nor¥ased process latitude. Further

improved yield,

1éve practical wafer-soluble systems plus a

better match with bhe absorpt;eqncharacterlstlcs of the resist
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I 5.3.1 Multilevel Resist” Processes Employing
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Reactive Ion Etchiing Pattern - Transfer

Technmigues

The™, eontrasts enhancement. ™ and p ant. inef lective coating
materials discussed in the previous section both are used in
conjunction with the standard wet-developed photoresist
process. Multilevel resist processes that wutilize a thick
planarizing layer differ from the above processes in both
purpose and process complexity. The purpose of these techniques
is to separate the 1imaging 1layer from the process etch mask,

and they provide improved imaging characteristics for the
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overall lithographic process. There are two generic types of
processes used, 1i.e., liquid-developed and dry developed. The
liquid-developed processes will not be covered in this section.
The dry-developed processes that use reactive ion etching (RIE)
for pattern transfer into the planarizing layer have recieved
considerable attention and use materials with properties that
depended on the specific strategy employed. There are two
schemes that have been used ~trilevel and bilevel- and these

are discussed below.

Trilevel #processing  begins with the planarization of

device topograph§‘fwith a th;ck layer of some organic polymer

.

such as a polydﬁide or—positive photoresist that has been

"hard-baked" (baled/ to indice ‘cross-linking), or otherwise
treated, to render iﬂ :insqfhﬁle in most solvents. Next, an
intermediate RIE barrigr;such?gﬁﬁ silicon dioxide is deposited,

e

and finally the structure iﬁ;ggated with the desired resist

material. A patiern is delineated in the top resist (imaging)

i .
layer and subsequently transferred into the planarizing layer

by dry-etching techniques.

Several variations of this generic process have been
reported {1 Thel s most “common | Nihtermediatée | oXygen RIE barrier
layer of SiO, may be deposited by sputtering, plasma CVD, or
spin coating SiO,organic precursors. The organic precursors
are often referred to as spin-on-glasses(S0OG). While SOG layers
greatly simplify trilevel processing to the elimination of
costly vapor phase deposition steps, they are likely to contain
a higher number of detectors than vapor-deposited films. Proper

storage and dispensing techniques can minimize these problens
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but they increase the complexity of processing. Alternative
intermediate layers include silicon nitride, silicon, germanium,
and arsenic sulfide. Antireflection properties can be incorpo-
rated either through the use of an inherently highly absorbing
polymer as the planarizing layer or by the addition of a dye
into the planarizing layer. Alternatively the absorber can be

incorporated into the intermediate RIE barrier layer.
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While +trilevel lithography is a time-consuming process

-
requiring precise control of several processing steps, it

improves the rej:iyjién capability of conventional resists by
m

separating the i g flyction of the resist from the
subsequent etch mas ﬁ%ﬂctﬁoarand permits imaging a relatively
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thin resist film.
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Organosilicon ,,polymersijape ideal candidates for
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bilevel 1lithography. fﬁéatméﬁf-_of organometallic compounds,
g : ‘-'-.I'-}"'il_"'

particularly ogganosilicon materials, wf@p an oxygen plasma

leads to the fofggtion of the correspond&dg metal oxide. The
surface passivation results from the formation of protective
coating of Sin on ~the polymer s surfaces ~There are numerous
silicon-containing resist 'systems for bilevel lithography
utilizjngsewBLE~ pgldera ~transfeps Howevexr, ~there are several
problens with silicon-contalining polymers that may interfere
with their lithographic performance. A decrease in glass
transition temperature (T,) often accompanies the incorporation
of silicon 1into a polymer chain and may cause dimensionél
instability of pattern during processing. In addition, most
useful silicon substituents are hydrophobic in nature, which

potentially could cause problems for those resist systems that
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use aqueous-base developers.

1.5.4 Gas-Phase Functionalization

Gas-phase functionalization is a new technique that
is recieved increased attention as a method for combining the
advantages of multilevel processing and solventless development
in a single layer. One of thegég;st such systems involved radia-
tion-induced vapor phase graft%ﬂg’tgf styrene onto a silicon
resin that was gba&edw oﬂJo a thiék planarizing of organic
polymer. The grafhéﬁfx¥yrene pattern that formed on the surface

of silicon resin a8 ‘a  CE, RIE. mask for removal of
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-esiﬂ4 Oxygen RIE was then used to

ihﬁ s_pétrate. Submicron resolution was

unirradiated si
transfer the patt
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1.58 Qéﬁign and Selectionﬂgfrggéjsts
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The polyﬁer materials that &fe useful as radiation-
sensitive greégist | £1lm must Dbencaprefullydesigned to meet the
specific requirements of each 1lithographic technology and
device™ process. (Although| dhese requirementsyvany according to
the radiation sources and device process requirements, the
following are ubiquitous : sensitivity, contrast, etching
resistance, shelf 1life, and purity. These properties can be
achieved by careful manipulation of the polymer structure and

molecular properties.

Resists function by altering their solubility through
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radiation-induced chemicals reaction. These reactions can
either 1increase the solubility (positive mode) or decrease the
solubility <(negative mode) of the irradiated regions. The

terms positive and negative resists reflect this change in

solubility.

Sensitivity and co trast of resist are determined by
measuring the change L 1ty as a function of the
radiation dose rec1eiEE:§y the . Although these two para-
meters are dependaaﬁ'#' mani““?t&agbles such as developer

strength, photon

%nergq, d processing conditions,
a standard nme evelabid that is wuseful for
comparing the se rast . of different polymers.
A thin film of t W gh@ckness is deposited via
trate and baked to remove
excess solvent (pr qﬁéﬁii,rj__—‘ il is exposed to a range of
radiation doses and d_ﬁlo%in "standard" developer for
Mﬁa(:h exposed area is

film thickness. The

spin coating ont

the partlcularfEeslst The t
measured and noﬁmallzed to.gﬁ

normalized thlc ness is plotted as a function of log(dose) to

provide )ﬁ USE']“?WE] ﬂﬁecw 8671 ﬂmﬁ curve, sensitivity

and contrast can readlly be determlned (Flgure 1.13). The
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Figure 1.13 Repre at i ‘b \trast curves for

(b) negative resists.

for either a e “resist, ¥, or ¥y s

determined from ﬁj:.he slope of the linear portion of the curve

shown in Flﬂnﬂg ’}1?] ﬁ%ﬁ Wﬂ ﬂﬁSItlve resist is D_

and for a néﬁatlve resist 1t is D , where D 1s usually 0.5-0.7.
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Y Resolution is another property that is difficult to

quantify since many external variables affect the size of the

minimum feature +that can be resolved. Resolution of a resist

is generally the smallest feature that can be perfectly and

cleanly resolved over a large area and must be evaluated for

dense pattern in a resist thickness that is useful for pattern

transfer (>0.4 um).
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