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Pref øce

Over the last three decades, accomplishments in microlithographic technology have
resulted in tremendous advances in the development of semiconductor integrated circuits
(ICs) and microelectromechanical systems (MEMS). As a direct result, devices have become
both faster and smaller, can handle an ever increasing amount of information, and are used
in applications from the purely scientific to those of everyday life, With the shrinking of
device patterns approaching the nanometer scale, the wavelength of the exposing radiation
has been reduced from the blue-UV wavelength of the mercury g-line (436 nm) into the
mercury l-line(365 nm), deep UV (DUV), vacuum UV (VUV), and the extreme UV (EUV).

The krypton fluoride (KrF) excimer laser at 248 nm was adopted as an exposure source in
DUV regions and has been used in volume manufacturing since 1988.

Since the first edition of this book, advances in 193-nm argon flouride (ArF) excimer laser
lithography have allowed for the pursuit of sub-90-nm device fabrication and, when
combined with high NA technology, polarized illumination, and immersion imaging,
may be capable of imaging for device generations at 45 nm and beyond. The next generation
of lithographic systems for 32-nm device technology will likely come from candidates
including F2 excimer laser (157 nm) lithography, EUV (13.5 nm) lithography, electron pro-
jection lithography (EPL), nanoimprint lithography (NIL), or maskless lithography (ML2).

Among these candidates, ML2 such as electron-beam direct-write system has been used for
small-volume device production with quick turn around time (QTAT) because a mask is not
necessary. Factors that will determine the ultimate course for a high-volume device pro-
duction will include cost, throughput, resolution, and extendibility to finer resolution.

The second edition of this volume is written not only as an introduction to the science

and technology of microlithography, but also as a reference for those who with more
experience so that they may obtain a wider knowledge and a deeper understanding of
the field. The purpose of this update remains consistent with the first edition published in
1998 and edited by Dr. James R. Sheats and Dr. Bruce W. Smith. New advances in litho-
graphy have required that we update the coverage of microlithography systems and
approaches, as well as resist materials, processes, and metrology techniques.

The contributors were organized and revision work started in 2003. Additional content
and description have been added regarding immersion lithography, 157-nm lithography
and EPL in Chapter I System Oaeraieus of Opticnl Steppers and Scanners, Chapter 3 Optics for
Ptntolithograph, Chapter 5 Excinrcr Laser for Adaanced Mícrolitlrcgraphy, and Chapter 6

Electron Bearn Litltogrøphy Systenrs. Because the topics of EUV and imprint lithography
were not addressed in the first edition, Chapter 8 and Chapter t have been added
to discuss these as well, A detailed explanation of scatterometry has been incorporated
into Chapter 14 Critical Dinrcnsional Metrology. Chapter 1.5 Electron Beam Nwrclithography
has also has been widely revised. In order to maintain the continuity of this textbook, that
proved so valuable in the first edition, these topics and others that may be less obvious, but
no less significant, have been tied into the other corresponding chapters as necessary. As a

result, we are certain that this second edition of Miuolithograplry: Science nnd Technology

will remain a valuable textbook for students, engineers, and researchers and will be a
useful resource well into the future.

Kazuski Suzuki
Bruce W. Snútlt

o 2007 by Taylor & Frarcis Group, LLC
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control systems, dosage control systems, focusing control systems, and evaluation
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12.'7 Introduction

As higher-r'esolution apprclaches to microlithography are pursued, conventional single-
layer resist materials may fail to meet all process requirements. Multilayer resist tech-
niques have been investigated for several years, but advances in single-layer technology
have gencrally posþoned their irrsertion into irigh-vc'rlume productiorr operatiorrs. As lorr¡;
as singlc-layer resist matcrials can meet requirements for high-aspect-ratio rcsolution,
plrotosensitivity, plasma-etch resistance, planarization, depth of focus, reflection control,
and critical dimension (CD) control, they will be preferred over most multiple-layer or
pse ndo-mrrltiple-layer techr-ric1ues. Tl-ris l¡ecomes increasingly difficult and, at some point,
the lithographer needs to consider the advantages of dividing the functions of a single-
layer resist into separate layers. Fewer layers are better and the ultimate acceptance of any
multiplayer technique will be determined by the simplicity of the overall process.

To understand the potential advanta¡;es of multiple-layer lithographic materials and
ptocesses, the general requirements of a photoresist should first be addressed. Although
most resist requilements have existed for many generations of integrated circuit ploccs-
sing, thc' importance of a numbcr of issues has recently increased dramatically.

12.1.'l Rcsist Sensitivity

Bccause resist sensitivity directly affects process throughput, it is a fundamental consider-
ation for thc cvaluation of resist process capability. In general, resist sensitivity can be
shown to be proportional to thickness. For a direct photochcmical (not chcmically ampii
fiecl), nonbleaching resist matcrial, this is an exponential relationship dctermined by resist
absorption and chemical qr-rantum efficiency. lloweveL as resist bleaching mechanisnrs are
considcrccl (as with the photclchcmical conversion of diazonapthoquinone to irrderre
calboxylic acicl), clynarnic .rbsorptiotr exists, whiclr iniloduccs sor¡re addititxral consider-
ations to this exponentiai decay. With chemically amplificd resists, quantum cfficierrcy is
sufficicntly high that the depenclence of ser-rsitivity on resist thickness becomes less of an
issuc and other considerations becomc. of more concern.

12.1.2 Dc¡rth of Focus

'l'he dependence of depth of focus orr lens numericai apcrture and wavelength can be
¡,Yllr ìçpr ] ;ìq'.-"t '"-'' ''"'

Microli tlrcgrnplry : Sciutcc añ'leclurologr¡
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Multilny er Resist Teclntology 639

where ì is wavelength, NA is numerical aperture, and k2 is a process-dependent factor

determined by process specification and requirement (a typical value for k2 for a single-

layer resist may be near 0.5, as shown in Chapter 11). As optical lithographic technology is

pushed toward sub-200-mm wavelengths at numerical apertures greater than 0'6, DOF

may fall below 0.5 pm. This presents an interesting challenge for substrate topography and

photoresist thickness issues. With such a small useful DOF, and without the use of some

method of planarization, it is not easy to predict exactly how large a fraction of this range

could be consumed by photoresist thickness.

"12.1.3 Limitations of Resist Aspect Ratio

The physical and chemical nature of a polymeric resist material will determine its limi-
tations for high-aspect-ratio patterning. Additionally, the complex nature of development

and process chemistry will influence limitations. As aspect ratio less than 3:L is common
for conventional single-layer resists. The limit to how fine the resolution can be for

a single-layer resist of a given thickness is influenced to a large extent by polymer flow
properties including glass transition temperature (Tr) and melting point (T-). Because

iheimoplastic polymeric behavior is desired during processing, in which photoresist

materials can go through cycles of heating, flowing, and cooling, they generally possess

T, values in the 70'C-180"C range. Materials of lower T, will inherently be capable of

lower-aspect-ratio imaging.

'12.1.4 Reflection and Scattering Effects

Imaging over reflective substrates such as metal or polysilicon can allow significant
intensity variation within a resist film. High levels of reflectivity may produce overexpo-

sure, manifested not only as a bulk effect over the entire imaged file, but also at pattern-

specific locations such as line boundaries and corners. This is often referred to as reflectiue

lùte notchbtg or neckíng, which is a result of the scattering of radiation to unwanted field

regions. Substrate reflection will affect the overexposure latitude and ultimately lead to a

reãuction in focal depth, limiting the amount of tolerable image degradation. To under-

stand the impact of exposure latitude on depth of focus, consider imaging a feature with
poor modulation. If a resist process is capable of resolving such a feature, it is likely to be

possible only within a limited range of exposure dose. For a positive resist, overexPosure

èan result in complete feature loss and underexposure can result in scumming. There is

an intimate relationship, therefore, between depth of focus and exposure latitude.
Decreasing the demands on focal depth increases exposure latitude. For a reflective

substrate, if a large degree of overexposure latitude must be tolerated, the useful
depth of focus will be reduced significantly. It is desirable to reduce any reflected contri-

bution to exposure to eliminate feature distortion from scattering and to reduce

detrimental effects on focal depth, This can be accomplished in a single-layer resist by

several methods. First, because absorption is dependent on resist thickness, a thicker

absorbing resist layer will decrease the impact of reflection. Other requirements drive
resist toward thinner layers, however, reducing the practicality of this method. A second

alternative is to increase the absorption of the resist so that little radiation is allowed to
penetrate to the resist-substrate interface and then reflected back through the resist. The

àddltiot-t of dyes into a resist will accomplish this, but at the cost of resist-sidewall

sensitivity, and resolution, The beneficial dynamic bleaching mechanism of the diazo-

naphthaquinone (DNQ)/novolac materials is undermined by the addition of an

absorbing dye that makes no direct contribution to the photochemical process, An
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alternative approach to reduction is the use of a rnultiplayer resist system, incorporatirrg
a scparate antireflectivc layer.

12.1.5 Reflective Standing Wave Effects

An additional reflection phenomena that deserves corrsideration is the resist standing wave
effect. This is an exposure variation within a resist layer resulting from cohererrt interference
between incident and reflected radiation. The situation is clescribed in detail in Chapter 2
ar-rd Chapter 9 and has significant impact on exposure, CD control, depth of focus, and
coatiirg ui'iifori:nity i'equilemetrts. Mirrirnization of standing wave is generally desired. The
addition of a resist dye can help leduce standing wave effect, but the impact on resist
sidewall atrgle can be significarrt, as thc top to hottor¡ resist film attenuation increases.

12.1.6 Plasma-Etch Resistance

I'ostlithographic processirrg operations ultimately dictatc the minirnum acceptable resist
thickness after development. For example, resist erosiorr cluring etch processing will
ìncrease any lithography-rclated thickness requirements. Furthermore, if new materials
arc ct¡usidercd for short wavelength exposLlre application, their etcl-r resistance in halogen-
based-plasrna-etch processes rnay be reduccd. Postlithographic processes may place the
most restrictive demands on resist performance and may preclude any consideration of
thinner singlelayer resists.

12.1.7 Planarization

IJecause the lithography operations involved with intcgrated-circuit (IC) fabricatic¡n are
rarely performcd over a flat substratc, planar:ization of topography is a fundamental function
of a resist material. The degree of planar'ìzation required for a specific level will be
detetminc'd by step height, feature size and density, and substrate surface properties.
Matcrial properties of a rcsist, including polymcr molecular weight, solids content, solvent
type, coating-spin speed, acceleration, temperature, and exhaust will conû:ibute to the extent
of substrate srnoothing. Polymeric materials with low rnolecular weight ancl a high solids
content are genelally employcd for maximum results [1]. A fluid-dyrramics approach can be
uscd to demonstrate the rclationships betweerl process factors and plarrarization:

tyhl,

iõ (12.2)

where f is leveling time, y is surfacc-'tension, /re is initial film thickncss, 4 is solutiorr viscosity,
and zt.r is fr:aftrrtl widl.h. "fhis relalionshi¡r su¡;11r:sts that ser¡r.r'al factors can he-. modifiecl to

zo

Pa

z1

Local feature
planarization

Global feature planarization
(>100 pm pitch)

FICURT 12.1

I)olytneric planar:izatiou of local ancl glolraì topography. Thc cxtult of planarization can bo dctclminr:d from
rÌreasrlrcnìL.nt of initial and final stc¡, hcights (:,1 atrcl :1).

' r", 1') t,)l'rJ. l¡r.,r\l;.'rìt.ll{
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affect net results. Planarization of close-proximity features (local geometry) and of widely
spaced features (global geometry) may be required, depending on substrate characteristics
and process needs. Figure 12.1 illustrates that planarization by a polymeric materials may be

suitable for both situations, The extent of planarization can be quantified by considering the

initially step height (zs) and the final effective step height after smoothing (zi) and deter-

mining the normalized ratio:

Effective planarization (12.3)
zç1

which can be calculated for local and global features [2].
Planarization can be accomplished by means of substrate overcoating (generally with an

organic polymeric film), etch-back processing, or polishing of topographic substrate to

."d.t.e step height. Techniques of chemical mechanical polishing (CMP) are becoming

widely accepted alternatives to additive planarization methods, reducing constraints on

resist proceJsing and requirement for focal depth [3]. Methods of CMP can allow global

planarization of both insulator and conductor layers in multilevel-metallization-intercon-
nect structure and of both deep and shallow trench isolation materials. These techniques

have become a critical path for both logic and memory production and a number of issues

are receiving careful attention, including optimization of process techniques, cleaning

considerations, and defects.

12.1.8 Multilayer Resist Processes as Alternatives to Conventional Resist Patterning

The appeal of multilayer resist processes and surface imaging resist (SIR) technology has

increásèd because of the resolution enhancement they provide for the current optical
exposure tools, as well as the potential application for new exPosure systems such as

193-nm or extreme ultraviolet (EUV 13-40 nm). At the shorter exposure wavelengths,
conventionally developed resists are either unavailable or lack sufficient performance.

With surface-or t-rear-iurface imaging, photochemical modification necessary to affect

the pattern transfer is restricted to a thin upper portion of the resist layer, Ideally, the

imaging layer should be as thin and as planer as possible. In this way, maximum res-

olution can be obtained and optimum use can be made of the entire available focus range

of the exposure tool. The resist image is free from the effects of device topography and

substrats reflection, an advantage that becomes increasingly important as optical tools

move to shorter wavelength sources, where the reflectivity of many materials increases,

In addition, the high CD tolerances demanded by advanced IC designs require high-per-
formance patterning, which multiplayer and surface imaging resisting systems can provide.

Multilayer techniques or single-layer SIR processes provide an advantage in appli-
cation in which the iubstrate reflectivity is high or topography is severe. Patterning of
DRAM gates, such as the one pictured in Figure 12.2, ofl'r:n provides such a challenging
scenario. In this case, whete 0.35-pm gates were patterned over 0.6 ¡rm of topography,

SIR techniques ensured constant CD control even oveÍ large step heights. Particularly in
instances where the design dimensions challenge the resolution capability of the

exposure tool and the resist, near-surface, or surface imaging techniques can play an

important role.
A large number of polymeric multilayer systems have been developed and utilized over

several decades. Multilayer schemes can be divided into four basic categories, with some

overlap in function. Specifically, approaches have allowed planarization, reduction of
reflection, contrast enhancement, and surface imaging. These categories are not

Z1Zg
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FtctJRE 12.2

5-t1M mlcrograph oi 0.35 prn DRAM gate
structures pattcrnecl ovcr 0.6 pm of topography
rrsirtg srrlfacc irna¡;irrg tt'chrriqucs.

necessarily clearly dívided, as a sir'ìgle multiplayer apploach can accomplish several
objectives. Details of these approaches will be explored in this chapter.

12.2 Multilayer Planarizing Processes-Wet Development Approaches

Various multilayer techniques havc been introduced that employ polymeric planarization
layers to reduce substrate topography and allow the use of a thin top-coated imagirrg resist
layer, as depicted in Figurc I2.3 14]. Methods havc included a wet-processed thick planar-
ization layer [5], a two-layer portable conformablc mask (PCM) [6], and a three-layer
plasma transfer process [71. The wet-processed approach leads to isotropic dissolution

Bilayer systems Trilayer system

lmaging layer

Planarizing layer

Substrale

lmaging layer

@
Þl¡n,,1/t-o lyEr t -
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EYpose/develop
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wet etch

(a) (b) (c)

FICURE 12.3
Multilayer apploachc's utilizing polyn-rt-'ric plarrarization layers. (a) A wct bilayer systt-.m r,rsing isotropic c'lissol
tttitnr of the pleuralization l:ryet; (b) a biìayel systcnt with blankct clcep r-rltraviolet (llUV) exposurc of a

photosen-sitìr,o plan:rrization layel rnaskccl by a patternecl ciiazor-Laphthaquinone (l)NQ)/novolac layr:r; (c) a

typical trilayer resist systcm utilizing a planarizin¡¡ laycr; in ctcl-r skrp layer', arrcl an irraging laycr.
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of an underlying planarizinglayer,limiting application generally to nonintegrated circuit
use. The PCM process employs a deep ultraviolet (DUV)-sensitive planarizinglayet, typi-
cally poly(methyl methacrylate), PMMA [8], or poly(dimethylgluterimide), PMGI [9], and

a DNQ/novolac imaging layer. Because the DNQ/novolac is highly absorbing at wave-
lengths below 300 nm, once imaged it acts as a surface contact mask over the bottom resist

layer. Deep ultraviolet flood exposure and development of the bottom layer allow pattern
tuãnsfer through the entire multilayer stack. This technique can be limited by interfacial
mixing of the two resist layers, which is minimized when using PMGI materials. Poor

contïast of the DUV planarizing layer and reduced process control of this two-layer
technique has limited resolution, making sub-O.S-pm imaging difficult.

Variations on the multiple-resist approach have also been used for electron beam T-gate

fabrication [10,11]. Three resist layers may be used to allow specific feature shaping
through the depth of a resist stack. For example, a bottom layer of PMMA is overcoated

by a láyer of a methyl methacrylate-methacrylic acid copolymer (PMMA-MAA), followed
by a top coat of PMMA. Exposure and wet development lead to larger pattern widths in
the more sensitive PMMA-MAA layer, allowing the formation of T-shaped metal gate

structures through a subsequent additive liftoff process.

l2.g Wet-Development/Dry-Pattern Transfer Approaches to Multilayers

Anisotropic pattern transfer can allow significant improvement over the isotropic proces-

sing of wet-etched multilayer approaches. Through the use of a plasma-reactive-ion-etch
(RIE) pattern transfer ptocess, near anisotropy can be approached, allowing high-aspect

ratio, fine-feature resolution [12,13]. fhe three-layer scheme, depicted in Figure 12.3,

makes use of a polymeric planarizing layer (such as novolac resin or polyimide) and a

thin intermediate etch-stop layer. This etch-stop layer can be a spin-on organos ilicon
compound (spin-on glass) , a low-temperature oxide, a silicon oxinitride, or a meta llic
layer, which oxygen etch resistance. A thin resist imaging layer is coated over

this etch-stop, Pattern transfer into the intermediate etch-

stop layer can be achieved with wet-etch or d sma techniques with suitable chemi-

stry. Anisotropic pattern transfer P ric planarizing layer can be

achieved RIE ons on this technique have been used for both
optical and applications [14]

The importance of polymeric planarization approaches historically has declined as

single-layer resists and CMP techniques have steadily improved As shorter wavelength
exposure technologies are pursued, however, it is likely that app Iication of multilaver
approaches will become more viable. A bilayer resist technique that allows planarization,
etch resistance, and reflection control with a thin-imaging layer has many attractive prop-
erties. Such schemes will be addressed in detail as silicon-containing resists and
top-surface imaging techniques are addressed.

12.4 Resist Reflectivity and Antireflective Coatings

Reflection at resist/substrate interfaces has been a concern for many IC generations' The

impact is most pronounced when using high-contrast resists, a result of increasing

"rpornt" 
thresholding effects. Þ'igure 12.4 shows the effect that varying resist film thick-

neãs has on feature size (CD swing curves) for an i-line resist imaged over polysilicon and
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aluminurn films. The reflectancc from a resist-polysiiicon interface at 365 nm can be above
30"/" and, at 245 rrm, above 387,. Ilesist over aluminum can produce rcflectivity values of
above 86"/" at 365 nrn, and abovc 88'2, at 248 nm. Intcrface reflectance can be detcnnined
fron a Fresnel relaticlrrship for two rtredia a[ ¡ronn¿rl incidence as:

l\
ilz nt
---i 

-
il^ + n,

.I

(12.4)

Ilete, /t* is the complex rcfractive index or tr ik, where r¡ is the real refractive index and
/r is the extinction coefficient. f-or nonabsrlrbing materials, k 0 and iln rr, sirnplifying
ltquation 12.4. For nonnormal iucidence, an additional (cos d) term is required, where á
is iìrc angie of incicience. inspcction of thc opticai constants for ma[eliais rn -labic 

12. I

gives an indication of the need to incorporate rnethods of reflectance control.
If the rnaterials that make up the lithographic substrate possess low absorbance or arc

nonabsorbing, rcflectarlce valucs at each interface must be uniquely considered tcr
cletermirre the nct reflectance thlough thc film stack. Figtrre t2.S plovides an cxample of
a resist film over an SiO:/Si substrate. llerc, the contribution frorn the oxidc-rcsist

IABLË 12.1

Optical Constants (ir arrd k) for Several Matelials at 436,365,248, and 193 nm

193 248 365 436

l1 k ll ll k lì kk

Srlrcon t).960

SiO2 .l 
.5lr

si.rN,r 2.65
Alru¡ilrrrm 0.117

l'olysilir:orr 0.9'/0
Dia zon apl'Ltharluinone

(DNQ)/novolac
I'I IS CAIì

2.U¡J

0.00

0 1¡ì

?,.2f1

:1. I0

1.5¡J

1.51

2.28

0.19(l
t.69

3.(;0

0.0()

{).005

2.94

4.7q

1.47

2.05.1

0.5e5

4.46
1.67

0.175

0.00

t).00

5.:ì5

1.(r0
().007

6.41

1.47

2.1]
0.407
:r.90

1.70

2.62,

0.00

0.00

4.43

2.66

0.007

1.76 0.007

:r\l/ by lrylr! ù l r¡n(:r\ (JlNp. l-1.(.

IPR2016-01376  Page 0020IPR2016-01376  Page 0020



Multilay er Resist'l'echnology

0.70

0.65

0.60

0.55

0.50

0.45

0.40

0.35

\Z Resist

Oxide

Silicon

-----resisVoxide

- 

oxide/silicon

645

=
o
c)

0)
É.

o<)oo<)ooooaaoo-+coñ(oo$coç\laq\fco;;c{c\¡NCÐ(r)$\t\r
Oxide thickness (nm)

HCURE 12.5
Reflection contribution at resist/oxide and oxide/silicon interfaces with increasing silicon dioxide thickness at a

365 nm wavelength using a resist with n:\,7 and k:0.007. Minimum reflectivity occurs at quarter wave oxicle

thicknesses.

interface is low compared with the contribution from the silicon underlying material.
In this case, the thickness of the SiO2 film can be adjusted to minimize total reflectivity
through destructive interference (the use of quarter-wave approaches for inorganic anti-
reflection materials will be discussed in detail in Section 72.4.1).

Control of reflectivity at the resist-substrate interface to values near a few percent is
generally required for critical lithography levels, leading to the need for some method of
control. The situation becomes more critical as lithographic methods incorporate shorter
wavelength sources, a smaller spectral bandwidth, and more transpareut resists.
Reduction of reflection to values below 1"/" are needed for current generation lithography.
Dye incorporation into a resist can reduce the coherent interference effects but at the cost

of exposure throughput and sidewall angle, leading ultimately to resolution loss. Dyed
resists are, therefore, generally limited to noncritical reflective levels, at which the highest
resolution is not necessary.

Instead of reducing reflection effects through modification of a resist material, methods
that reduce reflectivity at resist interface can provide control with minimal loss of resist

performance. This can be accomplished through manipulation of thin-film optical proper-
ties and film thicknesses, and by careful matching of the optical properties of each layer in
an entire resist/substrate stack.

12.4.1 Control of Reflectivity at the Resist-Substrate lnterface: Bottom
Anti reflective Coatings

To reduce the reflectivity at the interface between a resist layer and a substrate, an inter-
mediate film can be coated beneath the resist. This is known as a bottom antireflective
coating (BARC). Inspection of Equation 12.4 suggests one approach where the refractive
index of this layer could be close to that of the resist at the exposing wavelength.
To reduce reflectivity, the film could then absorb radiation incident from the resist film.
Thin-film absorption (ø) is related to the optical extinction coefficient (k) as:

4nk-.

'-o 2007 by Tûylo & Fr¿¡cis Croup, LLC

d. (12.5)
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and transmission tllrough an absorbing film is

Mic r olitl ut g r n pl n¡ : S c ie n c e nn d Tc clrnolo gt 7

(12.6)T cxp( a/),

wherc T is transmission and I is film thickrress. A high extinction coefficient may thereforc
be desirable, leading to irigh absorption and low transmission through the I3ARC layer.
As k is increased, however, reflectivity at the resist/BARC interface is also increased, as

seen in Equation 12.4. An extinction coefficient value in the range of 0.25-1 .25 may be
rcetsotrarble, b¿rsetl on these consideratiot-rs, and depeirclirrg on lesist rnalelial aitd filrri
thickness demands. A series of plots showing substrate reflectance vs. BARC thickness
for real-index matched materials with cxtinction coefficient values from 0.1 to 1.2 is shown
in lìigur"e'l?.(r. I-lecatt-se tl.-e BAIì-C ialzer rnust accot¡.tnodate pattc¡n transfer (using cithcr a
wet or dry plasma etching approach), rninimum thickncss values are desirablc. ¡-or these
layer combinations, a IIARC thickness between 500 and 800 produces a first lefiectance
minimum. These minima occur as reflectance from the BARC-substrate interface and
interfere destructively with the reflection at the resist-BARC interface. This interference
repcarts at intervals r>f À/2tt whicl-r can be explaincd by examining Iligure 11 .7. Here,
radiation passes twice tl"rrough the BARC layer with wavelength compression corre-
spondin¡1 to its refractive jndex (À/nt). Two passes through a quartel-wave thickness (l/
4rr) results in a half-wave phase shift directed toward the resist*BARC interface. This
phase-shifted wave will therr interfere with the reflected wave at the resist. Complete
destruction will occur only if the amplitude values of the waves are identical, which is
possibie only if the reflectance at the resist-llAi{C interface is exactly equal to the reflec-
tance at the llAlìC*substratc interface or if:

llnr. t1f".,., X 11ítrbstratc (12.7)

This leads to a rnore cornplex route toward reflection recluction with a bottom Al{C using
both absorpticxr ¿rnd interference considerations.

Ë
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Phase cancellation

Media ni

¡=mLl4nä

Substrate nj

FICURE 12.7
Diagram of the principle of a quarter wave antireflective (AR) layer between two media. A thickness of the AR

coating is chosen to produce destructive interference between reflected components, R1 and R2. The ideal refrac

tive index is 1/nin!.

Reflection control and aspect ratio requirements need to be considered to determine
optimum ARC film thickness values. A first reflectance minimum corresponding to a

relatively thin film may be chosen for fine feature pattern transfer. If thicker layers can

be tolerated, further reduction in reflectivity may be achieved by increasing the BAC film
thickness. There is an exponential trend in reflection reduction with increasing thickness

and BARC absorption. As extinction coefficient values increase toward 0.8, reflection
begins to increase, and for values above 1.2, reflectivity below a few percentage
becomes difficult. Figure 12.8 and Figure 1.2,9 are a series of contour plots of
substrate reflectivity for BARC films with extinction coefficient values from 0.0 to 0.9

and refractive index values from 1.8 to 2.7.
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TIGURE 12.8
Contour plots of substrate reflectivity (over silicon) at 248 nm as a function of bottom antireflective coating
(BARC) thickness for materials with refractive indices between 1.8 and 2.7 and extinction coefficient values to
0.9. Central contour areas corresponcl to 0 2% reflectivity and2"/" constant contours are shown. Results beyond
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FICURE 12.9
Contour plots of substratc reflcctivity (over silicon) at 193nm as a function of bottorn antircflectivt-. coating
(llAllc) thickness for matctials with refractive indiccs betr.veen 1.8 ancl 21 and extinction coefficient values to
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12.4.1 .1 Organìc BARCs

Organic BARC materials have been used for some time, typically in thc form of spin-on
polymeric materials [15]. These polymcrs contain highly absorbing dyes introduced at
levels to deliver appropriate extinction coefficient values. Several classes of materials
can be used, dcpending to a large extcnt on the pattern transfer requirements of a process
1,1. 4.\l Í^' . 1 1 r r
lro*r71. vvcr (leveloP¿lDrc ortjanrc D1\r(Ls Daseo on parrlally curecl polyamlc aclcls (polyl-
mide precutsors) have been utilized for: large feature geometry. These materials, with
refractive indc¡x values near 1.7 and extinction coefficients near 0.3, ale coated and partially
ctlred prior to resist application. Partial curing of the dyed polyamic acid allows tailorirrg of
thc' alkaline solubility of the laycr to match that of exposcd resist. llottom antircflective
coating lratcrials macle of dyec'l triazinc dcrivativr:s havc also bccn irrtroduced [17].

As shown in i:iiglrre I ?. 10, exposure alld development of arr aqueous base-solrrblc resist
layer exposes the urìderlying llAI(C material, which is also base-soluble if cured appro-
priatcllz. Matedals have becrr formrrlatcd that provide a high dcgrcc of bakc latitudc (as

high as -1"20'C) [20] and exhibit a very low degree of interfacial mixing. The inhererrt
problem with this approach for arrtireflection is the isotropy of wet pattern transfer. With
no preferential direction for etching, undercutting results to the full extent of the IIARC
thickrress. As shown in Figure 12.10, resist features are undel'cut by twice the BARC
tl-rickness, limiting application of wet-developed organic materials to a rcsolution
above 0.5 ¡un.

Dry-etch-compatiblc organic IlAlì.C matcrials calì allow corltrol of the etch profile
through use of plasma [ìlll methods of patter:n transfel.'fhr: reqr-rir'.:1ìr-c1ì-ls [l.r-crr- hr-.crrnr-e

one of resist to BARC etch sclcctivity to minimize resist erosiorl and the accompatìying loss
in proccss and Cl) contl'ol. Initial candidatc r¡aterials fol ust: as dry etch B,ARCs may bc:

polynlers that unclergo efficient scissioning with plasma exposure, lcading to increased

ooo@oo
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Resist layer

<1:5 aspecl ratio -1:2 aspect

///
FtcuRE 12.10
Process schematic for an aqueous base developecl bottom antireflective coating (BARC). Exposure and develop

rnent of a k)p resist layer allow development to continue through a suitably baked AR film. Isotropic Pattern
transfer limits this approach.

volatility. For instance, dyed polyolefin sulfone materials (frequently emPloyed as electron

beam resists) [21] could allow relatively high oxygen-based RIE etch selectivity to novolac
or polyhydroxystyrene (PHS) resist materials. Several dry-etch materials have been intro-
duced 122,231for use in 248-nm and i-line application. Figure 12.11 shows lithographic
results and reduction of reflective standing wave effects with use of a dry-etch
BARC material.

A potential problem with spin-on organic BARC materials is their planarizing nature.

As seen in Figure 12.8 and lrigure 12.9, control of film thickness to a few tens of angstroms

may be required for suppression of substrate reflectivity. If a polymeric material is spin-
coated over severe topography, film thickness can deviate substantially from a targeted

value. The film is generally not conformal, which leads to significant variation in reflection
reduction across a field. To increase the conformal properties of a BARC layer, alternative
deposition methods can be explored. Also, through elimination of the polymeric nature of

the BARC material, planarization can be further reduced. This leads to a class of inorganic
antireflective materials that can be coated using chemical vaPor or vacuum
deposition methods.

12.4.1.2 Inorganic BARCS

Vapor-deposited ARC materials were first proposed for use over aluminum [24] and have

since been applied oveÍ a variety of reflective substrate layers. The optical requirements
for an inorganic layer are generally the same as for organic films. This is, however, a more
difficult task with inorganic dielectric materials than it is with organic polymers as Prac-
tical material choices are generally limited to those that allow process compatibility.
The challenges for organic and inorganic materials can therefore differ. For inorganic

(a) (b)

FlcuRE 12.11
Comparison of reflective standing wave reduction through use of a dry etch bottom antireflective coating
(BARC): (a) without a bottom ARC; (b) with a bottom Alì.C'

(o 2007 by'l'¿ylor & Frî¡cis Group, LLC
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films, the flexibility of optical constants is made possibly to some extent through material
sclcction and variation in stoichiometry. Deposition thickness and uniformity can bet

controlled accurately to the nanomcter level, and films gerrerally cclnform to the urrder-
lying topography. The choice between inorganic or organic IIARC materials, therefore,
depends in part on the underlying substrate and processirrg that will be encountered.
Titanittm nitride [25], silicon nitride, silicon oxinitride [26], arnorphous carbon [27],
tantalun-L silicide [28], and titanium tungsten oxide [29] films have beer-r used as inorganic
antireflection layers at365,248, and 193 nm [30]. Substrate-resist interaction effects for 248-
nm chemically amplifiecl resists also need to be considered as candidates are evaluated,
which may reduce the attractiveness or'sorne rnaterials for son're ARC trpplications [31 ].

F-or uonstoichiometric materials such as silicon oxinitride, modifications in stoi-
chiometry can bc used to taiior: optical properties. Tr'aditiorrally, a clrernical com¡rorrnd is
thought of as having a fixed atomic ratio and composition. A wider range of properties is
possiblc' by relaxing this stoichiometl:ic reqttirernent. By controlling the ratios of material
compouents durin¡; deposition, optical behavior can bc modified. It is not immediately
obviotts that nonstoichiometric cornposite films of metal, insulator; or scmicc¡nductor com-
binatiorrs will exhibit predictable optical properties. Through analysis of the atomistic
structure of materials, and by relatin¡; optical material propertics to electrical properties,
some conclusions can bc drawn [32]. Optical constants can be related to electrical proper-
ties by negiecting rnatelial structure and considering rnacroscopic material quantities only:

" 1/ t^ ^ \tt' ; I ll ,i I- r'; -l- r'¡ ). (12.8)-:\' /

.i |/ L \k' 2(t/.it,,,') (12.e)

where c1 and {:2 âr€ teâl and imaginary diclcctric constants, respectively. To account for
rnaterial structure, Drude analysis of optical and electrical constants describes free elcctron
or metallic behavior ouite well in the visiblc and infrared (fR) rr:ç'ion [331 Eqrration 'l 210
and Equation 12.77 are Drude equations for optical and clectrical constants, reiated to
material plasma frequency (21) and damping frequency (22):

tl' kz o1 1
uî

'u? 
j- 4'

(]2_.10)

:lt l( Í'2 (';')
,i

'i ,'- -v'tu;
(12.',r 1 )

'lb account for optical properties at shorter wavclengths, bound-electron theory needs t<r

be utilized. fjor dielectric materials, no intraband transitions exist becarrse of filled valence
bands. Interband transitions are also limited in IR and visible regions because of large band

Bap energies. Bor.rnd-electton theory alonc is sufficient to dcscribe classical dielcctric
behavior. Characterization of metallic and noninsulating lnaterials in UV and visible
rcgìous recluires use of bo{h free-clcctrorr and boirrrcl-elcctron theerry. l-ìy a-ssr,rnr-irr-g

a givcn number of free electrons and a given number of harmonic oscillators, optical
properties over a wide wavelength range can be described. IJsing bound-electron or
ll¿rr'trrotric-oscill¿rtor theory, relationships for optical and electrical constants can be

,llrr/ h)' l¡\'l(n ù l r¡ncl\ (;()il1). l-1.(l
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determined from the following equations:
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Q2.r2)

zezN oyt u€2 ææfffi' (12'13)

where 7 is the damping factor, No is the number of oscillators, nt is electron mass, and c is

electron charge. From this analysis, it can be shown that the optical properties of a material
can be described by metallic behavior combined with dielectric behavior. Figure 72'12

shows plots of optical constants for a metallic film using the Drude model for free-electron

motion and metallic-dielectric composite films using combined free- and bound-electron
models. These results suggest that the optical properties of a composite material can

be modified by controlling the ratio of its components. It is expected, therefore, that the

optical properties of nonstoichiometric materials would fall somewhere between those of
their stoichiometric elemental or compound constituents,

Silicon nitride (SisN4) possesses optical constants that may be a good starting point for

use as an ARC at several wavelengths. Optical constant data for silicon nitride, silicon
dioxide (SiO2), and silicon al436,365,248, and 193 nm are contained in Table 1,2.1p{l.By
adjusting the deposition parameters during film formation (gas flow ratios for CVD and

power, pressure, and gas flow for sputtering, for instance), thin-film materials can be

þroduced with optical properties defined by these constituents. Figure 12.13 shows the

reflectivity at the substrate interface for several 248-nm SiON ARC materials under a resist

with a refractive index of 1.76. Shown also in Figure 12.14 are the optical constants (rz and

k) for a variety of materials at 193 nm [351. From these data, together with compatibility
and process requirements, potential ARC films for \93 nm can also be identified.

An additional advantage from the use of inorganic ARCs is the ability to grade the

indices of materials to best match requirements of resist and substrate layers [36]' This
is possible through control of process parameters during deposition. To achieve similar
results with organic spin-on ARCs, multiple layers would be required. Pattern transfer for
inorganic antireflective layers can also result in higher selectivity to resist, made possible,

for instance, if fluorine-based etch chemistries are used. Shown in Figure 12.15 is a

comparison of pattern transfer processes through an organic spin-on ARC and an

(a)
Wavelength

HGURE 12.12
Plots of optical constants for a metallic film using the Drude model for free electron motion and metallic dielectric

composiie films using combined free and bouncl electron models. (a) A metallic film; (b) a dielectric film; and (c)

a dielectric composite film with increasing metallic content.
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FICURE 12.13
Reflectivity at the resist/substratt¡
intcrface for sevcral 248 nrn unclerstoi
t:hiomcti.ic SiON antir efleclivc coating
(AIìC) r¡aterials unclcr a resist
t'ith a rcfr¿rctive indcx of 1.76. The
urrcl t-.rl yi rr¡¡ substratc. is polys il icorr,
iit'rìt'ctiVity IoI strricilirrlrctIrc 5l(,:
¿nrl Si¡N,r a¡c also shown.
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inorgarric ARC with high resist selectivity [37]. Minimum resist erosion during the etch
process with the inorganic material can result in an increase in CD control. A major
collìpromise when using inorganic materials is the increased complexity of deposition
processcs over spin coating. Process trends and requirements will probably lead to
incorporation of both approaches for various lithographic opcrations.

12.4.2 Top Antireflectivc Approaches

The bottom ar-rtireflective approach leads to reflection reduction at the interface between a
resist material and the substrate. Reflection also occurs at the top of the resist, at the resist-
air intcrface, as showtl in lrigure 12.1(>. This ieads to a situation similar to that of a Fabry-
Perot etalon. An expression for the reflective swing ratio can be utilized to address
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FICURE-I 2.14
A Plot of thc ttptical c()nst¿ìrÌts (ir anc'l /.) for various m¿rterials at 193 nm. A wincìow of clesirablc arrtireflectivc
coating (AIIC) properties is shorvlr, as also clescribcd in lii¡1rx: 12.9. An unclcrstoichir¡rnotric SiON film would also
snfficc for usc at 193 nrn, with propcrtics falling within the area rlcfinccj by clashcd lines.
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(a) (b)

HCURE 12.1 s

A comparison of resist loss cluring pattern transfer to bottom AI(C layers. (a) Organic spin on ARC; and (b)

ctielectiic inorganic ARC. (From Bencher, C., Ngai, C., Iìoman, 8., Lian, S., and Vu ong,T' Solid StateTachtology,TTT,

1,997.)

reflection effects within an entire resist film stack [38]

Swing 4JRßzexp( ai), (72.1,4)

where R1 is the reflectivity at the resist-air interface, R2 is the reflection at the resist-
substrate interface, a is resist absorbance, and f is resist thickness. Here, the swing is the

ratio of the peak-to-valley change in intensity to the average intensity, which is desired to

be a minimum. A decrease in R2 via a BARC layer can be used to accomplish this, as can an

increase in absorption (through use of a resist dye, for instance) or an increase in resist

thickness. A reduction in R1 is also desirable and can be addressed through the use of a top

antireflective coating (TARC) [39]. Because there is a mismatch between refractive indices

of the resist material and air, R1 can be on the order of 7%.This can lead to resist exposure

and CD control problems, encountered as a result of internal reflectance via multiple
interference effects, scattered light, and reflective standing wave. An exposure-tool align-
ment signal detection can also be degraded from top surface reflection effects [40]' Like

conventional AR coatings for optical applications, TARC films are not absorbing materials
but instead transparent thin-film interference layers that utilize destructive interference to
eliminate teflectance. The ideal refractive index for such a film coated over a resist material

Alr

Resisl

R1

Absorbance(c)= -1 
'ntn

Substrate

r/ ,/ ,/ ,/

FrcuRE 12.1 6

Diagram of reflection cont¡ibution from resist/substrate and resist/air interfaces.
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is that which produces equivalent reflectance from the air and frorn the resist side of the
interface. This leads to an optimum index of

*/...llRR vrlìir x,t;.qi_t. (12.15)

If a film of this index is coated to a quarter-wave thickness (l/4na¡ç), complete destruc-
tive intcrfcrcncc cart occul. For i-line resist materials with a refr¿rctive index of 1.70, an
ideal TARC material would have an index of 1.30 and would be coated at 700 Ä.
Figure 12.17 shows the reduction in reflection for a quarter-wave top AR layer when the
¡'tti"¡'acíive iti,lex is v.riietl lrorrr I .1 io 1 5, Iiq¡ refr¿rr:iive rncl-ex yalues þqlsr.r.r 1.3, therc is a.

larger contributiorr to reflection fi'om the resist-TARC interface. At values above 1.3, the
coirtribution florrr the air-TARC interf¿tce is larger.

The refractive index and reflectance properties of several TARC materials are given in
'l ahle 12.2. As the refractive index of a material approaches the ideal value of /n1,, X il;I".,".,
the rcflectances at the resist and air interfaces are equivalent, allowing destructive
interference at a quarter-wave thickncss. Residual reflectanccs result as TARC indices
deviate from the ideal. To achieve refractive irrdex values near thc ideal I.3, polyfluor:oalkyl-
polyethers and polytetrafluoroethylene-based materials cast in solvents that do not dissolve
novolac resist materials have been utilized at TARC layers 141,42]. These fluorinated poly-
mcrs require rcmoval with chlorofluorocarbons prior to development and have becn
rrepltrced Lry water-basecl and water-soluble matcrials to improve process compatibility
[43]. Although these materials do not possess a refractive index as close to the ideal
values for use with DNQ/novolac resists at436 ar-rd 365nm (the refractive index is 1.41
at 365 nm), the rcduced process complexity makes them a more attractive choice over
solverrt-based systems. Iìigurc 12. 18 shows the reflectivity of a resist film stack as resist
film thickness is varied. Reflectivity varics by over 20"1, for resist over: polysilicon over
one swiug period. This is reduced significantly with the adclition of a water-soluble TAR
coated tcl a quarter-wave thickness. Exposure and focus-latitucle improvement has also
heen dcmonstratecl with these naterials
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'l'he rotlrtctiou irt sttrfacc rcflcctior-L thlough ttse of a to¡r antirr-.flcctivc coating (TAÌìCI) matcrial at 365 nm. llcflcc
tion catr bc climinatctl through usc of a qu¿ìrtcr wavc tl¡icLncss (700 A) of I lnrtcrì.rl with a refractivc inclex of 1.3
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TABLE 12.2

Refractive Index and Reflectance Properties of Several Top Antirefiective Coating (TARC) Candi-

dates

Refractive
Index, ø
(365 nm)

Departure
from Ideal

Quarter
Wave

Thickness
at 365 nm

Reflectance
at Air

Interface

Reflectance
at Resist
Interface

Polyvinyl alcohol
Polyethylvinylether
Polyfluoroalkylpolyether
Aquatar [12]
Ideal'

1.52

1..46

1..27

7.47

1.30

0.32
0.16
0.02
0.11

600 A
625 

^71s L
647 

^702 

^

4.26'k
3.s',%

7.5%
2.9%
7.8%

0.3'k
0.6"/"

2.0%
0.9%
7.g',k

" Assuming a resist refractive index of 1.70'

1^2.5 The Impact of Numerical Aperture on Reflectance Effects

In Equation 12.4 and Equation 1,2.74, the assumption of normal incidence is made. In

proje¿tion imaging, the incident angle of illumination is a function of the NA of the

òptícal system. Reflectance at an interface is a function of the angle of incidence (in air)

11 and the angle of refraction 12 as

1

2

sin2(Il Iz) tan2(I, lz)
R + (12.76)

sin2(/1 + 12) tan2(/1 + 12)

The first term in this equation corresponds to the reflection that is polarized in the plane

of incidence and the second term corresponds to the reflection in the perpendicular plane.

The effective film thicknesses for resist, AR layers, and underlying dielectric films are also

0.30

0.25

0.20

=
o
0)
É.

0.15

0.1 0

0.05

0.00

0.95 0.96 0.97 0.98 0.99 1.00 1.01 1.02 1.03 1.04 1.05

Resist layer thickness (¡rm)

FIGURE 12.1 B

Reflective at the top surface of a resist material as a function of resist thickness with and without a top antire

flective coating (TARC). Results are for 365 nm and a polysilicon subst¡ate. The refractive index of the TARC is

1.41 ancl its thickness is 647 it.

(() 2007 by Trylor & Francis Group, LLC
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scaled by the angle of incidcncc' as (f cos d), wherc f is the thickness of the film at normal
ir-rcidcnce. l-argc angles of incidence (with high-NA optìcs) lravc¡ beelr- sh-owu tr-t cotrtribute
to reducing the reflective swing ratio [44].

1,2.6 Contrast Enhancement Materials

Rcsolution is generaliy limited in optical lithographic processes by the inability of a resist
matelial to adequately utilize a degi:aded aerial in-rage. Optical inrprovernerrt techniques
including the use of lcnses with a higher numerical apertul'e, shorter wavelength exposure
sources, modified illur¡irratiolr, or phasr. shift masks can be employecl. to imprc..re aelial-
ìmage integrity through a sufficiently large focus dcpth. Additionally, the use of a thinner,
l-righer contrast resist over a low-reflectir¡e snbstrate can bcst rccord aerial images of
limited modulation. The cclncept of a contrast enhancemerrt material (CEM) coated over
a rcsist allows an alternativc to these approaches, making use of an intermediate image
capture step prior to image transfer into photoresist. Contrast enhancement is based on the
use of photobleachable materials that are opaque prior to exposure, but become trans-
parcnt after photoabsorption [45*471. The proccss is illustrated in Fi¡çure 12.19. Here, an
aerial image c¡f iow modulation is incident on a thin CEM layer coated over resist. During
exPosllrc of the CEM, its transparency increases until the resist interface is reached, at
which time resist exposure begins. If the dynamic photobleaching rate of the CEM is low
c<trnptir"eci with the exposLll'e r¿rte of the lrnderlying lesist, the CEM image becomes an
effective col-ìtact masking layer. 'Ihis masking laycr transfers the image into the underlyirrg
resist. The net effect is to increase the effective contrast of the resist process.

To be applicable for a rnicrolithographic process, CEM materials must exhibit optical
absclrbance values above 2 at thicknesses on the older of minirnum feature sizes.
Fi¡;ure 12.2() shows the spectral characteristic of a 365-nm water-soiuble material
ctlnsisting of an inert polymer film and an urganic dye. Upon exposure, photoisomeristn
of the organic dye increases transparency near 365 nm. Several materials have aiso been
;-r*'-¡"^^l f^'..-.,.-.-..,,-^.^,^-,.-1^-.-rl^^ ^Í Ãal alC ^-^Å aÁ(t -^--^ r/o Êrll1\/r L^l_,r/rurç vv(lvçlst r¡itrrò \rr aJU/ Jtr-r/ ctttu ¿ao rlrrt lao-Jul.

t (x)
Aerial image

Exposure

CEM - unbleached

FICURE 12.19
Sch t:nr a ti c of ¡ p'hotobl each¿rlrlc conir¿rst
cnh¿rncement matclial (CIJM) process.
'lhe CliM matclial act:ì as a colìtaci
mask for oxposrll'c of an unclerlying
rcs;ist,

X

l(nrl I)y I rylr! ù l rrn.rs t,r,,ul). l-1,(

bleached

Resist lmage transfer
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FtcuRE 12.20
Transmission charactcristics of a water
soluble contrast enhancement material
(CEM) for use at 365 nm.
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1.2.7 Silicon-Containing Resists for Multilayer and Surface Imaging
Resist Applications

Multilayer resist techniques have long been used to ease requirements for resist per-
formance [51-56] This is achieved usln tinct la
imaging function from tion, and
tiõn.-Trilévéi resolution

-¿'o nçle A wt tn 
"s 

i-ñ$Te : I aye r
r-dsist processing. The trade-off for this resolution, however, is additional processing diffi-
culty as the deposition and patterning of three layers must now be simultaneously
controlled. Although excellent results have been obtained, the processing complexity has

been the major obstacle for the widespread application to production of integrated circuits.

{-n-oþ-!-qss-e!mp-li!93tiqt"o-{ lhs-s4eine! l+}Lllilqy-gl !9c-h-n1gu9 it t9 1n.-o1-p."911!u=th"
päiterning and etch resiótanðe int9 one.layer and require o-nl-y gnq add-itiqnal layer Ïor
planarizatiôn. Eliminãting the middle layer requires that the top layer have sufficient etch

resistance and that there are no detrimental interactions between the top and bottom resist

layers. The use of resists containing organosilicon and organometallic polymers on top of a

thick organic planarizing layer has been reported [571. The top resist layer is developed
using standard wet development techniques and the image is transferred to the bottom
resist layer with an oxygen-plasma etch. A refractory oxide, which is highly etch resistant,

is formed in the top resist layer during the oxygen plasma etch [58,59], Taylor et al. [60,61]
demonstrated the selective introduction of silicon into the resist polymer following
exposure of the resist. During the oxygen-plasma development, a protective SiO2

coating is formed on the polymer surface that is resistant to etching [62].

"12.7.1 Bilayer Process with Silicon-Containing Resists

Silicon-containing resists for use in bilayer imaging processes are an ideal choice because

of the compatibility with silicon semiconductor processing [63-65]. Many variants of
silicon-containing polymers for use in resists were developed; however, early polymers
required organic solvents for development and did not possess either sufficient resolution
or sensitivity 166,671. Addition of fluorescence quenches improved the photosensitivity for
polysilanes by a factor of 5, although development of the sub-O.S-mm features patterned

260220 300 340 380

Wavelength (nm)

h

!] 2007 by Taylor & Frilncis Group, [,1,C
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lvith a t}.35 NA,2.l.l-nrtr str¡rpe r iç¿s still pcrfur¡ìlccl in .rrr rirganic srllvcnt [6lll. lìrr ¿qrlcr]rrs
tk'r'e'lurrn.. cnt of silicorr-ctint¡ilrinu i'csists, loss r¡l rcsolrrti*ñ is nfk'lr ¡¡115¡'¡1.¡'¡l h{'(-;11¡ç'thi.
silict¡u-ctrniahing grou¡rs th¡t ¿r'r: incrtrprlrattcl i¡r thl: rcsi,çts inter.fcre r.vith thr: dr:rrckr}r'
rÌìent l:]rr)ccss by sigrrific¡ntly alicrùrg the rcsi.st hyclruilrhilicitv.

Silictxl-r:tuttair'rirrg bilal'¡'¡ rcsisis ltave r',_r:civc,,'l Lrnr:rçer:l alterrtion for tlsc ¿t .tn rxp()sltr{:
1\'n\ oltngth ol: 193 rxì1. A silicrur-ctxrt;rining bilaycr pr()crÌss, ca¡ralrlr trf imagi-r'r¡; tì.175-¡urr
r{lunl liìrcs arrd spaccs rvitlr ir l!)3-nrn, {}.5 N^ steppcr has bccrt dcmonsh'atctl [fii;]. 't1lis

silicon-enrirhcd ileth¡cr1'l.-rte-b.tsctl top imagin¡¡ layt:r e¿n bi: r'kl.r:ftrpc.1 irt st¡trr1.¡rtl
tctr'aml:lhylaì,rrnlrlrúlr¡rÌ hydrt¡xiclc solutitut. Irrtcrcstirrglv, the top imaging lavrr' is rcl¿-
iit'tlV ihick (ÎStlii r\i, suggcsting ihat r:r'c¡r iincr rcsr¡lrrtion eoul¡l bc achirvr:r-l il .¡ thi¡urcr
irrr.rg,in¡i laycr ctrr-rl,-l Ì:c uscil.

t 2,7. Í .l Silicrn ('ltr*iral Amplífie atíun nf Ëc,çrçl lirrcs Proces.c

¡\ v¡riation of thc sìlico¡r-t:ortl¡rirring llilayer schl'¡nl k¡rolr¡n .rs Si{¡\R[, (silicrin t']rt,nri¡:.rl
arn¡rlific;rtion nircsist lincs) [7t],7lJis illrrstratcil in Fi¡¡rrl 12.2l. Silicorr chtr¡riic¿l.rrlplifi-
c¡lioti of rcsisI linr-'s is a t.v¡rir-'.rl hil.rvt.'r pr{-}cr]ss in tlr¡l ¡ tlrirr ilr.¡.rting l.ryer: is apprli¡¡l ¡¡
top oi ¿ thick 1"rìiinarìzin¡¡ layr-.r. Å slnrrr¡1lv cnlsslínkctl ¡rovolal rcsist fil¡ri r¡lrsuffiritrrt
tltick¡rcss ttr stt¡r¡rrt'ss strbslr¿tr: rt'f'krctions ¿rtrtl sLrnrlirrg \\¡rìvcs is rrscrì .rr tlrc bottorn l¡tycr"
'lhc kr¡r rr,lsist corrt¡iris an .rrrhyrlri,.lc,',vlrir:h i:-; cr¡nycrtr:r"ì r'i¡ ¡ci11-r:irl.rlyzcd ir1'tllolt'si:; trl ¡
solttblc c¿rbrx"\¡liL- ¡cirl. 'i-lrc Si-{lAl{L }rït¡crss irtr:orporatcs silico¡r i¡rkr tlrc rcsist ¡itt,'r' tht'
k¡r filnr lr¡s l.rcen cx¡-tosr:rl ¡rrd .lclckll'rctl. ¡\rr alnino-crxlt¡inirr¡¡ sikr.vane srrclr ¿s lrìs-
tìiirt.¡rirro.rlkvl-olì¡1o*tììmt:thylsikrxattt. r'c¡rlt:' r:ì¡tnrir.'¡llv ivith tìrc ¡nìrïrlritk. uttl ¡rrotritlt's
llrc r'lch rr:sishrttcc for t.hc lo¡: rcsist la,1,cr lltrritr¡¡ thc sttlrsctittctit ]rl¿sur¡t ctcìring ol tht'
bi¡ilot¡r J¡Tcr.

J'hc sili¡:or¡ itrcorprcratio¡r i¡r tlrti 5i{¡\RL prr¡rtlss is ty¡ricallv pr:rformcri in stdutio¡r
ttsitrg rotrt'rrrìtiotlrl 1¡¡¡]q {-rqtrip¡ììl.¡ìt, but lhc drv tlcvr'lo¡:trncnt stc¡r is carricrl rnrl using
;r ¡'rlasur;r rt:.tctor. Thr. bihnrctional rlli¡¡ot'rrer..- usrrl hll'silico¡r r-lclivr'r$ st>c¿lltltj ll¡l{l
,ar.q{:¡¡h', }t.rt'l it rr,íìcti\¡r} irnrinc llr(¡up ¡t rt.lr:}r r:ntl t¡i thc chaì¡r arrel irrcor¡or.rtc ¡nrilii}rltr
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silicon atoms at each binding site in the resist polymer. These diamines can also react with
different polymer chains to cause crosslinking in the resist polymer. A very high silicon
content in the resist, up to 20"/o-30'/o (by weight), can be achieved. After inclusion of these

oligomers, the additional organic material incorporated in the resist is responsible for the

swelling (i.e., amplification) of the original resist pattern. This increase in film thickness is

reportedly linear in silylation time and does not appear to be inhibited by increasing
crosslinking. In addition, the corresponding line with increase is independent of feature

size 1721. Depending on the time during which the resist is exposed to the CARL reagent,

the resulting pattern can be either the same size as the mask dimensions or the space can

be reduced beyond the design size. Thus, depending on dose and aqueous silylation
time, it is possible to introduce a process bias to pattern subresolution spaces. Interestingly,
no observed pattern deformation or distortion has been reported with this process Í721. lt
is important to note that in the Si-CARL process the entire surface of the developed resist

feature incorporates silicon and therefore is resistant to sizing changes during the plasma

patterning of the bottom layer of resist. Very high aspect ratio patterns have been demon-
strated with these methods [70].

A top surface imaging variant of this process, called simply top-CARL, can be

implemented as a single-layer process in which exposure to the CARL reagents and
selective silicon uptake occur in the exposed area before development has taken
place [70]. However, the Si-CARL bilayer process has a larger process latitude and
greater etch resistance. Changes in the photoactive compound and matrix resin have

been used to tailor the CARL and Si-CARL process for g-line, i-line, 248-nm, 193-nm

lithography, and e-beam lithography. Both positive and negative tone systems have

been developed [73].
The Si-CARL process has the advantages of a bilayer technique (topographic invariance,

reflection suppression, enhanced resolution) and can allow the optical exposure tools to
operate in a more linear sizing regime. This can be advantageous for levels such as

contacts, which are notoriously difficult to pattern. Another advantage of the Si-CARL
process is the use of an aqueous-based, room temperature silylation scheme that can be

performed on a conventional resist development track.

12.7.t .2 Other BÍlayer Techniques Involving Silicon Incorporation

The silicon-added bilayer resist on SABRE process [7a] ß very similar to the Si-CARL
technique except that silicon is introduced into the patterned top layer using a gas-phase

process. In the SABRE process, conventional novolac-based g-line resists are silylated
using bifunctional silylating agents to prevent resist flow and deformation. A major draw-
back of the SABRE process is that the silicon incorporation step is extremely slow,
reportedly requiring 5-90 min, depending on the silylating agent 1741.

The difficulties in formulating a single-layer resist with sufficient transparency and

etch selectivity for patterning at 193 nm and even shorter wavelengths have intensified
investigations of various bilayer schemes, particularly those involving introduction of

silicon into the resist after it has been exposed. A bilayer approach has been demon-

strated that incorporates silicon after exposure of the top resist layer by DUV (248 nm) or

extreme ultraviolet (EUV; 13.5 nm) wavelengths 175,761. As illustrated in Figure 12,22'

crosslinking induced by the photogenerated acid and the subsequent postexposure bake

provides differential silicon permeability in the exposed and unexposed areas of the

imaging layer. Silicon is preferentially incorporated in the unexposed resist from a

gas-phase reagent after the exposure and bake steps. As with the Si-CARL Process/
some increase in resist volume accompanies the silicon incorporation. Further

O 200? by Taylor & Fr¿ncis Group, l-l-C
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FtctJRE 12.22
A silylatcd bilaycr approaclr for using chcmically amplìfiecl r'csists.
(a) Iìx¡rosure ancl gt-.neration of photoacicì; (b) postcrposure l¡akc
ancl crosslinkirLg of cxposcd rcsist; (c) silicon irrcorporatiorr into
rrncxposctl rcsist; anc'l (c1) dry ctch transfel of imagc.
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itnprovetnents in the process arc achieved by introducing small amount of a difunctional
disilane to control the resist swelling and to improve both the selectivity of the silicon
inclusion step trnd process rcsolution [75]. Exposure to an oxygen-contairring plasn.ra for
tlre all dry devclopmerrt step produces an ctch resist silicon oxide rnask in thc urrexposed
regions resulting ir-r a positive tone pattern.

The silylated bilayer system depicted in Figure 12.22 employs chemical amplification,
which, because of the low exposuÍe dose rcquirements, is compatible with the lirnitations
for the prescnt 193-nm and EUV exposure tools. The difficulty with these systems is
providing sufficient silicon incorporation into the resist, while maintaining adequate
contrast between the exposed and uncxposed portion of the resist [76].

The use of unique materials as top ima¡;ing layers is also being explored. For instance, a
bilayer process has been dcvclopccl in which ar-r imaging layer is formed by plasrna-
enhauccd chernical vapor deposition (PECVD) frorn tetra-n'rethylsilane deposited on a

PECVD plarrarizing layer. The PECVD process allows a very thin conformal top
imaging layer to be applied [77].

Although thc bilayer processes show sorne of the advantages of surface imaging, they are
lirnited plinrirrily by process complexity. Not only two separate resist applications are
llcccssary, but also in most schemes both convcntional wet development and dry develop-
mer-rt equipment are needed. This complexity gcnelally ttanslatr.s into higher final costs that
lrave kept ntarty sysi-erlts fr'ortt Lrecortrìrrg wiclely acloptecl. Defect arrcl particle gencratiorr
arnd problems with pinholes in thc top imaging and barrier layers arc additional problems
with rnultilayer techniques ['78,79]. With thc notable exception of thc Si-CAIìI. and CAIìI-
processes, bilayer approaches are generally viewcd as a method for extending the expc'rsure
tool capabilitv arrd for resealch applications but not as manufacturabie proccsst-.s.

12.8 Silyiaiion-Basecí Processes for Surface irnaging

Instead of applyirrg two distinct layers for patternirlg, the concept of selectively incor:por-
ating arr irror¡;anic ()r org¿ìlrometallic substartce into either thc cxpclscd or unexposecl

',1lrrr/ b)' l¡ylor ¡": l r,ìn.rs (il!)rrl). l.l,(l

rr l-'l fl
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regions of a single resist layer was demonstrated by Taylor et al. [60,61]. Effectively, silicon-
containing bilayer was achieved post patterning by the reaction of SiCla with the photo-
chemically altered resist, a process termed gas-phase functionalization. In a similar vein,
MacDonald et al. [80,81] used photogenerated OH reactive groups in the exposed photo-
resist to react with a silicon-containing amine to achieve silicon incorporation into the

resist polymer.
Selective diffusion of silicon into the imaged resist gained widespread attention with the

DESIRE process introduced by Roland and co-workers [82,83]. Many derivative processes

were later developed and given suitable aclonyms, such as PRIME [84], SUPER [85], and

SAHR [86]. All are single-layer patterning techniques that depend on preferential incor-
poration of a silicon-containing compound into the photoresist after the exposure step,

Silicon incorporation in the resist was initially achieved by diffusion from the gas phase;

however, Shaw et al. [87] introduced the use of a wet silylation process to produce an

etch-resistant top resist layer. LaTulipe et al. [88,89] also used a liquid silylation process for

surface imaging of a novolac resist. Silicon functionalization of a single-layer resist after

exposure offers the attractive potential of simplifying both the resist processing sequence

and the resist formulations. Although the various techniques differ in the exact
mechanism of creating the contrast between the areas of silicon incorporation and

silicon exclusion, many of the general characteristics are similar. Therefore, a detailed
consideration of one of these schemes will serve to illustrate the major process parameters

and concerns for this type of process.

"-2.8.1 The Desire Process

DESIRE, which is an acronym for diffusion-enhanced silylated resist, was the first
commercialized surface imaging process 190-921. Formulated originally for g-line
exposure (436 nm), the technique is readily adaptable for Iline (365 nm) [93] as well as

DUV (248 nm) [94,95] exposure. The DESIRE process, illustrated schematically in
Figure 12.23, consists of four interdependent steps: (1) exposure and formation of the

latent image, (2) presilylation bake, (3) formation of silylated image, and (4) dry etch

transfer of the pattern. Successful patterning of the resist will depend on having optimized
parameters for all four steps.

12.8.1.1 The Exposure Step

During the exposure step, the photoactive compound, a naphthoquinone diazide, under-
goes photochemical decomposition. Since the unexposed photoactive compound is a

diffusion inhibitor, the exposed resist is more susceptible to silicon diffusion. The exposure

dose and shape of the projected image to a large degree determine the ultimate depth and

lateral dispersion of the silicon incorporation into the resist'

12.8.1.2 The Presilylation Bake

The presilylation bake (step 2, Figure 12.23) is extremely important for selective incorpor-
ation of the silicon into the exposed regions, During this high-temperature bake, phenol

ester formation by the unexposed photoactive compound forms a cross-linked and hence

less permeable resist [91]. This thermally induced cross-linking of the unexposed resist in
conjunction with the photochemical decomposition of the sensitizer in the exposed area

leads to preferential silicon incorporation into the exposed areas. The temperature and

duration of the presilylation bake and the silicon exposure steps are important for defining
the contrast between the exposed and unexposed region [96].

rO 2007 by T¡ylor & Fr¡ncis Croup, LLC
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HCURE 12.23
Schematic illustratiou of thc DESIIìE surfacc lmagirrg
ploccss. (a) Ixposure; (b) prcsilylatiorr bake and cr.oss

ìinkirrg; (c) silicorr irrcorpolation; ancl (ci) oxygerr plasma
rlcrrclopme¡rt.
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12.8.1.3 Sìlìcon Incorporatíon Step: Vapor Phase Silylation

Incorporation of silicon is typically performed by vapor-phase introduction of a suitable
silicon-containing reagent such as hexamethyldisilazane (I-IMDS). The mechanism for
diffusion of the gas-phase silylation agent has been widely investigated. The unexposed
naphthoquinone diazide cau act as a diffusiorr irrhibitor for HMDS in a phenolic resin,
whjle the cxposed rraphthoqr-rinone diazide will irrclease the diffusion rate [97,981.
Cenerally', the resirr n.ust pro."'idc sufficicl..t binding:;itc¡; and thc diffuslol-, of the
silicorr must allow 8"/"-10'/u silicon incorporatiorr, by weight, to provide sufficient etch
selectivity [91], Thcrmal crosslinking of the resist, initiated by the presilylation bake,
continues during the silylation bake, and dctermines the permeabiiity of the silicon
delivery agent and, hence, selectivity. The presilylation and silylation bake parameters
of temperaturc'and time are sensitivc controls for siliccln irrcorpitration. Irr addition, thet

chemicai structure of the silylation agent will influence the diffusion rate arrd the total
arnount of silicon introduced into the resist. Early versions of thc resist for the DESIRE
process cxhihited patterrr r1r:fr¡rmation drrr,. to thr: vohrmc changi: Ltpon irrclusjcln of thc
silylating agent irr the resist. Changcs in tire lesist polymer and optimization of the:

silylating agent havc climinated this problcm [99,'100].
Although FIMDS is the most readily available silylatin¡; agent in semiconductor purity

and was used most often for silylation processes, interesting alternative silylation agents
have been investigatcd [93]. Srnall silylating agcnts such as dimcthylsilyl dimethylamine
(DMSDMA) and tctramethylclisilazane (TMDS) require relatively low tempcratures
(80"C-120'C), but silylating a¡;ents containing bulky groups such as 1,3-diisobutyl-
1,1 ,2,2.-TML)S proved too bulky to proviclc sr-rfficient sìlylation. lìrtr the snralk:r silicon
delivery agents, it is important to decouple the presilylation bake from the silylation to
c¡btair-r sufficient crosslinking and selectivity. Polyfunctional silylating agents have proven
very attractive in certain appiications [74,101].

,i 2ll0l l,y'l.,ylor,! l r.lr!:is (ìÌr¡¡p. LL('
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12.8.1.4 Liquid-Phase Silylation

Although the silylating agent is usually introduced in the gas phase, liquid-phase silyla-
tion processes for DESIRE have been reported [102]. Liquid-phase silylation is carried out
using a three-component system containing an inert carrier solvent (xylene), a diffusion
promoter (N-methylpyrrolidone or propyl-eneglycol monomethyl ether acetate), and a

silylating agent. Hexamethylcyclotrisilazane (HMCTS), a trifunctional cyclic amine, is

generally used as the silylation agent 187,89,L03l, although monofunctional silylating
agents such as bis(dimethylamino)dimethylsilane have also been used [102]. Hexamethyl-
cyclotrisilazane induces crosslinking of the resin, which can reduce the silicon diffusion
rate and ultimately limit the total silicon uptake. However, the crosslinking is beneficial
because it prevents lateral swelling and pattern deformation as well as out-diffusion
of silicon, problems that occur under certain conditions with gas-phase
silylation 199,1.00,1.041.

Unlike gas-phase silylation, the liquid-phase silicon uptake exhibits a nonlinear
response to exposure dose. There is a threshold behavior with exposure dose that
should favor a more selective silylation process. The amount of silicon incorporated
into the film for liquid-phase silylation (-25%) is much higher than in the gas-phase

process (-10%). Hence, the dry-etch selectivity of these films is also higher [105]. The
reason for the higher silicon content in the liquid silylation systems is not certain. Because

the amount of observed silicon added to the resist corresponds to an average of two silicon
atoms for each OH group, it is proposed that some polymerizafion, perhaps growth of
polysiloxane chains on the phenolic OH group, occurs [105].

Liquid silylation techniques have applied to other surface imaging techniques [88,89]
and hold promise for improved silylation processes. For implementation in device manu-
facturing, an aqueous-based solution such as that used for the CARL process is much
preferred to a xylene-based system from the standpoint of compatibility with existing
resist processes and environmental concerns.

12.8.1.5 Dry Etch Development

Dry-etch pattern transfer in the DESIRE process involves the use of an 02 plasma to
remove the unprotected resist while forming an etch-resistant silicon oxide covering in
the silicon-containing areas. The dry development etch is generally carried out in a high-
density plasma containing either pure oxygen or oxygen and a fluorocarbon gas [L06],
Anisotropy of the etch is ensured by using very low pressures and by applying a DC bias
to the wafer. Etch conditions must maintain a balance between the chemical composition
of the etch and physical sputtering. If care is taken to minimize the isotropic components
of the etch, the resultant resist profile will depend to a large extent on the silylated
profile (Figure 12.23).

Successful pattern definition during dry development involves a combination of etching
of any unprotected resist and sputtering away of the silylating region [107-109]. For
understanding the etch process, models that assume some competition between SiO2

formation and sputtering of the film by ion bombardment can be applied [110,111].
Evidence for formation of silicon oxide hard mask in the silylated regions comes from
x-ray photoelectron spectroscopy (XPS) investigations of silylated resist samples before
and after plasma exposure, which reveal that the silicon content of the surface does not
change appreciably while there is a dramatic increase in the oxygen level. Both carbon and
silicon XPS peaks are shifted to higher energy, indicating extensive oxidation [86]. For the
unprotected resist, the etching mechanism involves both chemical and ion induced
etching. Clearly, oxygen atomic concentration, ion flux, and energy are important par-
ameters for the etch. In addition, the glass transition temperature for the silylated resist

(o 2007 hy I'nylor & Francis Crcup, LLC
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ijiCiiRÈ r 2.24
IJxamples of rcsiduc causcd by unintentional
silicon incor¡roration in exposed resist areas.

polymer (Tr) has been shown to be important [112]. At higher temperatures, silicon diffuses
out of the exposed, silylated region, thus preventing adequate hard-mask formation.
This is confirmed by silicon profiling studies and correlates with a dramatic decrease in
the observed etch selectivity (initially silylated vs. unsilylated areas) with increasing wafer
temperature during plasma development. Improvements in etch anisotropy with the use
of very low temperatures ( 70'C) [113,1141 and SO2 in the plasma have been
reirorterl [115,116].

Initial attempts at dry development of silylated resists were plagued by severe problems
with residue between patterned features and with line-edge roughness. Residue, some-
times referred to as grass/ can arise from two sources: unintentional masking of resist
dr-rring the plasma etch due to unwanted silicon incorporation in these areas, and
sputtering and redeposition of materials. Residue caused by unintentional silylation is
usually distributed equally throughout the pattern, in some instances appearing in greater
abundance in large open areas. In contrast to this, residue from sputtering and redeposi-
tion is located almost exclusively between features that should be very well resolved by
the cxposure tool. An example of severe grass forûìation caused by parasitic silylation is
illustrated in Figure 12.24.

Residue resulting from unintentional silicon incorporation can be minimized by opti-
mizing the silylation and bake conditions to improve the selectivity of the silylation step.
This usually involves changes in the bake time, tcmpcrature, prcssrlrc, or silylating agent.
Alternatively, the dry development step can resolve thc unwanted silicon inclusion by
exterrding the overetch time (i.e., overdevelopment) or by introducing an initial nonselec-
tive etch step to remove a certair.l amount of resist uniformly from the wafer. 'I'he lattc.r step,
oftcrt rcfcrrccl to as a tlt'scttttL, involvcs tlte use of a fluorine-contairring plasrna or a high-
energy ion-bombardment step [117,118]. Usually, an initial step with low selectivity for'
silylated resists is followed by a secotrd, rnore selective ctch [106ì. A two-step oxyf]erì
etch, irr which the initial step has a high ion energy, can also be used [1 1 7]. The disadvantage
of either alteration of the dry development step is loss of resist thickness in the final pattern.
This requires a thicker hard mask which usually translates irrto higher required exposure
doses and lorr¡;er processing times. Resjdue resulting from sputterirrg of the harc-l mask js

eliminated by reducing the ion-bombardment energy in the plasma-developmerrt step.
Hdge roughness for the dry-developed resist can be a serious ccncern, particularly as the

dimensions of th¡: lirre edge-. rorrghness become a significant percentage of the linewiclth
dimensiorr. Extreme edge roughncss is observed if the silicon content is insufficient
to withstand the plasma dry developmellt, ¿rnd breakdown of the etch rn¿rsk occurs.

' 2(r(17 by-l ¡vì('r ¡! Iìr¿rtrìi (ìr¡ilp. l.l.(l
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FIGURE 12.25
Line eclge roughness resulting frorn hard
rnask breakdown during dry development of
the resist.

The resist line roughness will most likely transfer into the underlying substrate during the

subsequent etch step, causing variations in the pattern sizing. Severe edge roughness as

illustrated in Figure 12.25 canbe caused by insufficient silicon hard-mask protection of the

underlying resist, low selectivity in the dry development etch, or both. Therefore, the

silylation conditions and the dry-etch parameters must be optimized in concert to
minimize the line roughness.

Hard-mask breakdown can also be observed when there is a lack of contrast in the
exposed image. This can happen near the resolution limit of the exposure tool, or if the

exposed image is severely defocused. Edge roughness is of special concern at 193 nm and
shorter exposure wavelengths due to very shallow absorption depth of the resist coupled
with the small targeted linewidths. Staining techniques that decorate the silylated resist
profiles have verified the shallow silylated layer for these exposure wavelengths [75]. Any
thinning of the silylated image near the edges of the silylated profile will result in an

increase in line edge roughness. Figure 12.26 is a section of a silylated grating pattern that
has been subjected to and oxygen plasma for a time sufficient to decorate the silylated
areas but not completely etch the resist features. The oxygen etch has delineated the depth
and lateral profile for the silylated regions [119]. It is interesting to note that edges of the

silylated regions, some roughness is visible. The line edge roughness can be minimized by
increasing the depth of silicon incorporation at the feature edges or by removing the

thinner outer portions of the silicon hard mask during the dry development etch. The

HGURE 12.26
Silylated profiles (raised resist) which have
been delineated using a short plasma etch.

ç.riì*I jrjl ìì :\:5, **$ ! trr:i llü I $
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FICURE 12.27
Schernatic represcntation of thc positivc rcsist irnagc by clry
ctchir.rg (PlìlMli) proccss. (a) Dccp ultraviolct (DUV)
oxposL¡rc; (b) ncar UV (NUV) t'loocl cxposr.rlt-.; (c) presilyla
tion bake ancl crosslinkinB; (d) silicon incorporation; ancl (c)

oxygen plasma clevelopmcnt.
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latter solution lcads to changes in CD with overetch and is not a good solution from the
point of view of process control. Although there is speculation that the molecular-weight
distribution of the resist could also influence the edgc roughness, there have bcen no
studies pubiished to support this assertion.

12.8.2 The Positive Resist lmage by Dry Etching (PRIME) Process

A variation of the DESIRE process for positive-tone images, called positive resist image by
dry etching (PIìlME), was developed by workers at LET 184,120,'1211. The I'RIME process
uses the same resist as the DESIIìH process and differs only in the addition of a second near-
UV flood exposure step (Figure 12.27). Like a classical image reversal scheme, the PRIME
process involve an jnitial exposure with DUVor c-beam followed by flood exposure at rrear
UV wavclcngths to producc a positivc-torre image. Durirr¡; the initial exposLrrc rcaction of
the photoactive cornpclund rc-.sults in crosslinking of the resist. Ijor DIJVexposure, only the
top 300 A of the resist is crosslinked, whereas the entire resist thickness is crosslinked upon
c.-bcam cxposrlre. Degradatiorr of t[-re photoactive com¡rourrd during thc-. subsequent neal..
UV floocl cxposure incre¿rses the diffusion rate of the silylation agent in tire previously
unexposed areas. Silylatiorr and dry development are perforrned in a rnanner similar tcr

that in the IfESIRE proccss, thc cnd rcsult being a positive-tone image. A rnajor difficulty
with thc PRIME proccss is thc high energies required for both the crosslinking step (400 rnJl
crn2 at 248 nm and 300 mC/cm2 for e-beam at 50 keV) and the flood exposure (1*2 J / cm=).
Although sorne work with rnore sensitive resist formulations has been reported [122], this
still ren,ains a serious concel"n.

12.8.3 The Silylated Acid Hardened Resist (SAHR) Process

Thc silylatcd acid hardened rcsist (SAI-IR) process (I"'igule 12.28) is a positive-tone single-
layer process th¿rt relies orr photoinitiated, acid-catalyzed crosslinking. In thc SATIR

2{r17 by'l'¡yl,,r (V Iir.|j,ris (irrnrll. L¡.(l
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FICURE 12,28
Silylated acid hardened resist Process (SAHR) (a)

Exposure and generation of photoacid; (b) postex
posure bake and crosslinking of exposcd resist;
(c) silicon incorporation into unexposed resis|
and (d) dry etch transfer of image.
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process, DUV-induced acid generation in the imaging layer causes crosslinking in the

exposed region during the postexposure bake step and renders these areas impermeable
and unreactive to silylamines [123]. With gas-phase silylation, the unexposed resist incor-
porates 10'/o-72n/" silicon by weight, which is adequate to protect the underlying resist

during the final plasma development.
The chemically amplified resists used in the SAHR process require much lover

exposure doses (5-30 rnJ / cmz for DUV exposures) compared with the novolac resists

for the DESIRE process. The original SAHR process suffers from severe limitations
with respect to its practical implementation. The first is the variation of silicon
penetration depth with feature size, in which the larger features exhibit a much
deeper silylation depth. This size-dependent variation of the silylated profiles make it
difficult to control linewidth and maintain pattern-sizing linearity. The differential silicon
incorporation cannot be explained simply by decreased optical contrast, as this effect is

observed at feature sizes much larger than the resolution limit of the exposure tool. A
plausible explanation is that the interfacial tension per unit volume becomes much larger

as the patterned dimensions shrink, causing this sizing dependence [124]. An additional
problem with the SAHR process is the resist flow during silylation. Incorporation of silyl
groups into the resist film causes resist swelling and interferes with the hydrogen
bonding, thus lowering the T, of the resist film. As a consequence, during the silylation
process the silylated resist overflows into the exposed (crosslinked) regions. This
parasitic silicon incorporation degrades the silylation process contrast and requires
extra processing steps to minimize the effect. Exposure of the resist to a bifunctional
silane such as bis(dimethylamino)dimethylsilane prior to treatment with the silylating
agent significantly diminishes the amount of silicon in the exposed areas by creating a

thin crosslinked skin on the resist surface 17241. Alternatively, an aqueous development
step prior to the silylation step eliminates both the flow problem and the size depen-

dence of the silicon penetration depth. Surface depression in the unexposed areas are

created by this development step and are refilled by the swollen silylated material.

{1 1007 hy TJylor & Fri¡ììci\ C¡i,ulì. I.LC
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I{owever, this predeveloprnent step rernoves -40004 of resist and requircs thicker
initial resist coatings.

Today, modified SAHR processes are being used with e-beam as well as shorter-wave-
length (193- and 13.S-nm)exposure tools [101,114,725-1271.Iìor these shorter-wavelerrgth
exposurcs, the crosslinking is facilc due to the high photon energy. A number of patternin¡;
techniques have expioited this fact to create differential diffusion rates of a silicorr-
containing reagent to achieve surface irnagir-rg at 193 nrn [125,128] or 13-40 nm (extreme
UV [129]. For many of the 193-nm surface imaging techniques being explored, photoche-
mical crosslinking, unaided by chemical amplification, is used [1281.

l1 0 .r 
^f 
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Irrvestigations targeted at developing surface imaging processes for high-resolution
applications are yielding some interesting results. For example, work using plasma
deposition of or¡;anosilicon shows promise for a single-layer ancl bilayer process
[130*132]. An all-dr:y-patterning process irrvolvin¡i the polymerization of methylsilane
has demoustrated cncouraging results with this thin conformal imaging layer [132]. ln
additior-r, nonsilicon-containing single-layer and bilayer: processes are beirrg investi-
gated. Near-surfacc imaging using n-retal plating to define an etch-l'esistant mask has
also been demonstrated []33-135]. In this process, a substrate surface is treated with an
organosilane and exposed to DUV (248-nm) radiation. This exposurc modifies the
wcttability of the substrate surfacc and reactivity of the surfacc and reactivity of the
surface film. Subsequent treatment with a I'b/Sn catalyst followed by electroless
copper and nickel metallization yields films several hundred angstroms thick in unex-
posed regions. This positive image can then be used as a plasma etch mask. The
ultrathin films resulting from this process can lead to significant improvement in
focal depth and resolution.

'12.9 Use of Alternative Pattern Technology in Manufacturing

Surface imaging has traditionally been used to extend the capabilities of thc current
generation of optical lithography tools while allowing time for the newer tools to
mature. Surface imaging or ncar-sutface irnagirrg tcchniques using bilayer approaches
have found limited r-rsagc outside the research cnvironment. 'Ihcre are, however, a fcw
exceptions 173,736,1371. The DESIRE process was tl:ansferred to a pilot line at Texas Instru-
mcnts and ttsed in the eally production and qualification of a 16-MIl I)RAM device [136].
Tlrc: challcrr¡;ing toi-rogrraphy ancl hig-h lr-.flcctivity of the ilretal level rrecessitatecl tlrc trse ol
SIRs. The DESIIì.H process was evcntually replaccd by a process using convcntionally
developed resist; however, usL' of an autireflective coirting (ARC) ancl enhanced planar-
ization techniques wcrc nccessary to achieve pcrformarrce comparablc to that of the
DESIRIÌ process. Tt is of jnterest to note that the measured defect levels and yield for the
IfESIRH were comparable to those of the optimized ARC/cclnventional resist
process [138]. As mentioned earlicr; thc CAI(I, ]rrocess has becn used successfully at
Seimens for manufacturing for a few years [73].

Arrlilr-'llcctive coatirrgs, hrrllr lo¡r.trt,-l hottorn lay,.'r iilrns, ¿r!c !ìecessílr')¡ frrr'rrrit¡)¡ e tr¡r'e¡t
IC applications and are employed in numerous rnanufacturing lines. T'he rnanufacturing
issues for nonconventional rcsist techniques sucl.r as surface imaging or bilatyer resist
irna¡;in¡; have been discussed by several authors [78,138,139]. I-Iowever, the ultimate

. , trrrl b), l.rvl(ìr ù I,t,ìtì!.ls (;(illl), l.l.L
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selection of a photoresist process, whether conventional single-layer resist processing or
one of the alternative processes discussed here, will depend on the achievable patterning
resolution and process latitude robustness toward subsequent etching steps, linewidth
control, ease of integration into current fabrication environments, yield, and
ultimately cost.

12.9.1 Advantages and Disadvantages of Multilayer and Surface lmaging Techniques

Multilayer resist techniques and surface imaging processes are more complicated than
conventional, single-layer, aqueous-developed resist techniques, but they have unique
advantages. The improved depth of focus and resolution, insensitivity to topography,
and ability to work with multiple stepper generations and wavelengths may, in
certain applications, make them worth the added complications. The all-dry process
allows very high aspect ratio resist patterning. Among the alternative methods for
providing enhanced patterning capabilities, such as bilayer and trilayer processes

154,55,671, the single-layer SIR techniques are somewhat simpler from a processiug
standpoint.

The advantages outlined above must be weighed against the additional complexity of
these alternative process. Nontraditional equipment is required for many of these tech-
niques. For silylation-based processes, a silylation tool and a plasma etcher are
required. Although the use of organic antireflective coatings has introduced etch
processes into many formerly conventional patterning techniques, the silylation step
has no equivalent in the conventionally developed resist process. The higher exposute
dose requirement for some alternative techniques translates into lower throughput and
higher costs. As with any plasma process, there are concerns about damage and defects
caused by the dry-development plasma processing [1a0]. As device dimensions become
smaller, additional concerns about the dry-development etch arise. For instance, edge
roughness dimensions become a larger fraction of the linewidth and must be mini-
mized. Damage mechanisms that may not have been detected with larger design
sizes may become more important with the smaller device designs. Working close to
or below the intended resolution of the stepper, as is often the case for many of the
multilayer and surface imaging techniques, often increases the proximity effects. To

minimize the proximity effects, the dry development must be carefully optimized.
Still of major concern is that no manufacturing equipment set is available for many
of these alternative processes.

12.9.2 Prognosis for Multilayer and Surface lmaging Technologies

Multilayer and surface imaging techniques will probably play an important role in future
lithography development. These processes are easily applied to numerous exposure tools
including 193-nm, e-beam, and EUV exposure systems. This is especially important for
the development of new exposure tools where the resists are problematic 1128,7471.
Fortunately, many aspects of the process are the same across different wavelengths, so

the experience gained with a tool set of one generation is readily adapted to the next-
generation exposure tool. More variations are being added to the repertoire of available
surface imaging or thin-film patterning processes. Both positive- and negative-tone sily-
lated SIRs are now available [89,90,].01]. Novel silylating agents are also being explored
[101,1021. Improvements in the multilayer resist processes, particularly for application to
193-nm and EUV exposure, are ongoing, Optical enhancement techniques such as

((, 2007 by ]'âylor & F-r¿ncis Group, LI-C
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modified illuminatiorr and phase shifting of reticles are complementary to near-surface
and surface-irnzrging resist tecluriques arr,J c¿rn further extencl the process capabilities.
Surface-imaging resist processing has become more widely known in the semiconductor
industry. The equipmerrt necessary for plocessing is becomirrg comrnercially available

[42], and some of the nontraditional steps are becoming more farniliar to lithographer
because organic antireflective layers also require dry ctching. In addition, the cost of
implementing surface-imaging or multilayer resist processes can compare favorably
with that of conventional processing if the cost of additional processes to compensate
for the deficiencies of singlc-layer resist (e.g., antireflective coatings, etch hard masks)
is considered.
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