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Preface

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 i-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 F, 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 1 System Overview of Optical Steppers and Scanners, Chapter 3 Optics for
Photolithograph, Chapter 5 Excimer Laser for Advanced Microlithography, and Chapter 6
Electron Beam Lithography Systems. Because the topics of EUV and imprint lithography
were not addressed in the first edition, Chapter 8 and Chapter 9 have been added
to discuss these as well. A detailed explanation of scatterometry has been incorporated
into Chapter 14 Critical Dimensional Metrology. Chapter 15 Electron Beam Nanolithography
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 Microlithography: Science and Technology
will remain a valuable textbook for students, engineers, and researchers and will be a
useful resource well into the future.

Kazuaki Suzuki
Bruce W. Smith
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i2.1 Introduction

As higher-resolution approaches 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 generally postponed their insertion into high-volume production operations. As long
as single-layer resist materials can meet requirements for high-aspect-ratio resolution,
photosensitivity, plasma-etch resistance, planarization, depth of focus, reflection control,
and critical dimension (CD) control, they will be preferred over most multiple-layer or
pseudo-multiple-layer techniques. This becomes 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 advantages of multiple-layer lithographic materials and
processes, the general requirements of a photoresist should first be addressed. Although
most resist requirements have existed for many generations of integrated circuit proces-
sing, the importance of a number of issues has recently increased dramatically.

12.1.1 Resist Sensitivity

Because resist sensitivity directly affects process throughput, it is a fundamental consider-
ation for the evaluation of resist process capability. In general, resist sensitivity can be
shown to be proportional to thickness. For a direct photochemical (not chemically ampli-
fied), nonbleaching resist material, this is an exponential relationship determined by resist
absorption and chemical quantum efficiency. [lowever, as resist bleaching mechanisms are
considered (as with the photochemical conversion of diazonapthoquinone to indene
carboxylic acid), dynamic absorption exists, which introduces some additional consider-
ations to this exponential decay. With chemically amplified resists, quantum efficiency is
sufficiently high that the dependence of sensitivity on resist thickness becomes less of an
issue and other considerations become of more concern.

12.1.2 Depth of Focus

The dependence of depth of focus on lens numerical aperture and wavelength can be
exposed as:

A
DOF  thy——, 12.1
o (12.1)
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Multilayer Resist Technology 639

where 1 is wavelength, NA is numerical aperture, and k; is a process-dependent factor
determined by process specification and requirement (a typical value for k, 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 3:1 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 (Ty) and melting point (T\). Because
thermoplastic 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 reflective
line notching or necking, 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
reduction 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
can 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
addition 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

© 2007 by Taylor & Francis Group, LLC

IPR2016-01376 Page 0015



640 Microlithography: Science and TechnoloQy

alternative approach to reduction is the use of a multiplayer resist system, incorporating
a separate antireflective layer.

12.1.5 Reflective Standing Wave Effects

Anadditional reflection phenomena that deserves consideration is the resist standing wave
effect. This is an exposure variation within a resist layer resulting from coherent interference
between incident and reflected radiation. The situation is described in detail in Chapter 2
and Chapter 9 and has significant impact on exposure, CD control, depth of focus, and
coating uniformity requirements. Minimization of standing wave is generally desired. The
addition of a resist dye can help reduce standing wave effect, but the impact on resist
sidewall angle can be significant, as the top to bottom resist film attenuation increases.

12.1.6 Plasma-Etch Resistance

Postlithographic processing operations ultimately dictate the minimum acceptable resist
thickness after development. For example, resist erosion during etch processing will
increase any lithography-related thickness requirements. Furthermore, if new materials
are considered for short wavelength exposure application, their etch resistance in halogen-
based-plasma-etch processes may be reduced. Postlithographic processes may place the
most restrictive demands on resist performance and may preclude any consideration of
thinner single-layer resists.

12.1.7 Planarization

Because the lithography operations involved with integrated-circuit (IC) fabrication are
rarely performed over a flat substrate, planarization of topography is a fundamental function
of a resist material. The degree of planarization required for a specific level will be
determined by step height, feature size and density, and substrate surface properties.
Material properties of a resist, including polymer molecular weight, solids content, solvent
type, coating-spin speed, acceleration, temperature, and exhaust will contribute to the extent
of substrate smoothing. Polymeric materials with low molecular weight and a high solids
content are generally employed for maximum results [1]. A fluid-dynamics approach can be
used to demonstrate the relationships between process factors and planarization:

3
. byl

o (12.2)

where t is leveling time, v is surface tension, liy is initial film thickness, 7 is solution viscosity,
and w is feature width. This relationship suggests that several factors can be modified to
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FIGURE 12.1
Polymeric planarization of local and global topography. The extenl of planarization can be determined from
measurement of initial and final step heights (zq and z)).
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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 (zo) and the final effective step height after smoothing (z1) and deter-
mining the normalized ratio:

Effective planarization ZOZ 2L (12.3)
0

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
reduce step height. Techniques of chemical mechanical polishing (CMP) are becoming
widely accepted alternatives to additive planarization methods, reducing constraints on
resist processing 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
increased 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 near-surface 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
substrate 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 substrate reflectivity is high or topography is severe. Patterning of
DRAM gates, such as the one pictured in Figure 12.2, often provides such a challenging
scenario. In this case, where 0.35-um gates were patterned over 0.6 pm of topography,
SIR techniques ensured constant CD control even over 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

© 2007 by Taylor & Francis Group, LLC

IPR2016-01376 Page 0017



642 Microlithography: Science and Technology

FIGURE 12.2

SEM micrograph of 0.35 pum DRAM gale
structures patterned over 0.6 pm of lopography
using surface imaging techniques.

| gael 13KU X256

necessarily clearly divided, as a single multiplayer approach 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 have been introduced that employ polymeric planarization
layers to reduce substrate topography and allow the use of a thin top-coated imaging resist
layer, as depicted in Figure 12.3 [4]. Methods have included a wet-processed thick planar-
ization layer [5], a two-layer portable conformable mask (PCM) [6], and a three-layer
plasma transfer process [7]. The wet-processed approach leads to isotropic dissolution

Bilayer systems Trilayer system

Imaging layer Irmnglng layar

Tntarmediais aloh slop |Eyer

Plariatlzing |ayor

Planarizing layer

Substrale
Substrale
Expose’/develop I [ Expose/develsg I I_ Expatoldaynlop
Plasria RIE
Isotropic DUY food 3 - Ouygen
wel elch %% oxpone/davelop) ?/"f’ ,-/? plasma RIE
: e / 5 e G 5 —_—
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FIGURE 12.3

Multilayer approaches utilizing polymeric planarization layers. (a) A wet bilayer system using isolropic dissol
ution of the planarization layer; (b) a bilayer system with blanket deep ultraviolet (DUV) exposure of a
photosensitive planarization layer masked by a patterned diazonaphthaquinone (DNQ)/novolac layer; (c) a
typical trilayer resist system utilizing a planarizing layer, in etch stop layer, and an imaging layer.
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of an underlying planarizing layer, limiting application generally to nonintegrated circuit
use. The PCM process employs a deep ultraviolet (DUV)-sensitive planarizing layer, 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
transfer 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
contrast of the DUV planarizing layer and reduced process control of this two-layer
technique has limited resolution, making sub-0.5-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 layer 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.

12.3 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 process, near anisotropy can be approached, allowing high-aspect
ratio, fine-feature resolution [12,13]. The 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 organosilicon
compound (spin-on glass), a low-temperature oxide, a silicon oxinitride, or a metallic
layer, which provide oxygen etch resistance. A thin resist imaging layer is coated over
this etch-stop, exposed, and wet developed. Pattern transfer into the intermediate etch-
stop layer can be achieved with wet-etch or dry-plasma techniques with suitable chemi-
stry. Anisotropic pattern_transfer through™he thick polymeric planarizing layer can be
achieved vi{{ﬁ oxygen RIE process3Variations on this technique have been used for both
optical and electron beam 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 application of multilayer
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
exposure thresholding effects. Figure 12.4 shows the effect that varying resist film thick-
ness has on feature size (CD swing curves) for an i-line resist imaged over polysilicon and
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FIGURE 12.4
A critical dimension (CD) swing curve showing the effect of resist thickness variation on resist linewidth. Results
for polysilicon and aluminum substrales are shown at 365 nm using a resist with a refractive index of 1.7.

aluminum films. The reflectance from a resist-polysilicon interface at 365 nm can be above
30% and, at 245 nm, above 38%. Resist over aluminum can produce reflectivity values of
above 86% at 365 nm, and above 88% at 248 nm. Interface reflectance can be determined
from a Fresnel relationship for two media al normal incidence as:

® 2 |2
y

R ==
Hy + 1ty

(12.4)

Here, n* is the complex refractive index or i1 ik, where 11 is the real refractive index and
k is the extinction coefficient. For nonabsorbing materials, k& 0 and #* #, simplifying
Equation 12.4. For nonnormal incidence, an additional (cos ) term is required, where #
Is the angle of incidence. inspection of the optical constants for materials in Table 12.1
gives an indication of the need to incorporate methods of reflectance control.

If the materials that make up the lithographic substrate possess low absorbance or are
nonabsorbing, reflectance values at each interface must be uniquely considered to
determine the net reflectance through the film stack. Figure 12.5 provides an example of
a resist film over an 510, /Si substrate. Here, the contribution from the oxide-resist

TABLE 12.1
Optical Constants (1 and k) for Several Materials at 436, 365, 248, and 193 nm

193 248 365 436
n k n k n k n k
Silicon 0.964 2,88 1.58 3.60 6.41 262 1.79 0.175
Si0; 1.56 0.00 1.51 0,00 147 0.00 1.47 0.00
SiaNy 2.65 0.18 2.28 0.005 2x11 0.00 2,051 0.00
Aluminum 0.117 2,2 0.190 2.94 0.407 4.43 0.595 5.35
Polysilicon 0.970 2.0 1.69 2.76 3.90 2,66 446 1.60
Diazonaphthaquinone 1.70 0.007 167 0.007
(DNQ)/novolac
PHS CAR 1.76 0.007
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FIGURE 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=1.7 and k=0.007. Minimum reflectivity occurs at quarter wave oxide
thicknesses.

interface is low compared with the contribution from the silicon underlying material.
In this case, the thickness of the SiO, 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 12.4.1).

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 transparent 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 Interface: Bottom
Antireflective 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 («) is related to the optical extinction coefficient (k) as:

o il;c_k, (12.5)
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and transmission through an absorbing film is
T exp( ab), (12.6)

where T'is transmission and f is film thickness. A high extinction coefficient may therefore
be desirable, leading to high absorption and low transmission through the BARC 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
reasonable, based on these considerations, and depending on resist material and film
thickness demands. A series of plots showing substrate reflectance vs. BARC thickness
for real-index matched materials with extinction coefficient values from 0.1 to 1.2 is shown

in Figure 12.6. Because the BARC layer must accommodate pattern transfer (using either a
wet or dry plasma etching approach), minimum thickness values are desirable. For these
layer combinations, a BARC thickness between 500 and 800 produces a first reflectance
minimum. These minima occur as reflectance from the BARC-substrate interface and
interfere destructively with the reflection at the resist~-BARC interface. This interference
repeats at intervals of 1/2n which can be explained by examining Figure 12.7. Here,
radiation passes twice through the BARC layer with wavelength compression corre-
sponding to its refractive index (A/1;). Two passes through a quarter-wave thickness (1/
4n) results in a half-wave phase shift directed toward the resist-BARC interface. This
phase-shifted wave will then interfere with the reflected wave at the resist. Complete
destruction will occur only if the amplitude values of the waves are identical, which is
possible only if the reflectance at the resist-BARC interface is exactly equal to the reflec-
tance at the BARC-substrate interface or if:

§ g ® * N
Mape \/Hresisl X ”substratc' (] L'7)

This leads to a more complex route toward reflection reduction with a bottom ARC using
both absorption and interference considerations.
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FIGURE 12.6
Substrale reflectivity vs. bottom antireflective coating (BARC) thickness for real index matched materials (n=1.7
al 365 nm) and extinction coefficient values from 0.1 to 1.2, The best performance for a thin BARC layer may be
possible with k values near 0.8.
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FIGURE 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, Ry and Ry. The ideal refrac
tive index is \/njn;.

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 12.9 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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FIGURE 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 correspond to 0 2% reflectivity and 2% constant contours are shown. Results beyond
10% reflectivity are shown in black [1es5(248) = 1.75].
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FIGURE 129

Contour plots of substrate reflectivity (over silicon) at 193 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 arcas correspond to 0 2% reflectivity and 2% constant contours are shown. Results beyond
10% reflectivity are shown in black. Resist refractive index is 1.6.

12.4.1.1 Organic BARCs

Organic BARC materials have been used for some time, typically in the form of spin-on
polymeric materials [15]. These polymers contain highly absorbing dyes introduced at
levels to deliver appropriate extinction coefficient values. Several classes of materials
can be used, depending to a large extent on the pattern transfer requirements of a process
[16-19]. Wet developable organic BARCs based on partiaily cured polyamic acids (polyi-
mide precursors) have been utilized for large feature geometry. These materials, with
refractive index values near 1.7 and extinction coefficients near 0.3, are coated and partially
cured prior to resist application. Partial curing of the dyed polyamic acid allows tailoring of
the alkaline solubility of the layer to match that of exposed resist. Bottom antireflective
coaling materials made of dyed triazine derivatives have also been introduced [17].

As shown in Figure 12.10, exposure and development of an aqueous base-soluble resist
layer exposes the underlying BARC material, which is also base-soluble if cured appro-
priately. Materials have been formulated that provide a high degree of bake latitude (as
high as +20°C) [20] and exhibit a very low degree of interfacial mixing. The inherent
problem with this approach for antireflection is the isotropy of wet pattern transfer. With
no preferential direction for etching, undercutting results to the full extent of the BARC
thickness. As shown in Figure 12.10, resist features are undercut by twice the BARC
thickness, limiting application of wet-developed organic materials to a resolution
above 0.5 um.

Dry-etch-compatible organic BARC materials can allow control of the etch profile
through use of plasma RIE methods of pattern transfer. The requirements then become
one of resist to BARC etch selectivity to minimize resist erosion and the accompanying loss
in process and CD control. Initial candidate materials for use as dry etch BARCs may be
polymers that undergo efficient scissioning with plasma exposure, leading to increased
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FIGURE 12.10

Process schematic for an aqueous base developed bottom antireflective coating (BARC). Exposure and develop
ment of a top 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 [22,23] for 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 Figure 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 over 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

FIGURE 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 ARC.
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films, the flexibility of optical constants is made possibly to some extent through material
selection and variation in stoichiometry. Deposition thickness and uniformity can be
controlled accurately to the nanometer level, and films generally conform to the under-
lying topography. The choice between inorganic or organic BARC materials, therefore,
depends in part on the underlying substrate and processing that will be encountered.
Titanium nitride [25], silicon nitride, silicon oxinitride [26], amorphous carbon [27],
tantalum silicide [28], and titanium tungsten oxide [29] films have been used as inorganic
antireflection layers at 365, 248, and 193 nm [30]. Substrate-resist interaction effects for 248-
nm chemically amplified resists also need to be considered as candidates are evaluated,
which may reduce the attractiveness of some materials for some ARC applications [31].
For nonstoichiometric materials such as silicon oxinitride, modifications in stoi-
chiometry can be used to tailor optical properties. Traditionally, a chemical compound is
thought of as having a fixed atomic ratio and composition. A wider range of properties is
possible by relaxing this stoichiometric requirement. By controlling the ratios of material
components during deposition, optical behavior can be modified. It is not immediately
obvious that nonstoichiometric composite films of metal, insulator, or semiconductor com-
binations will exhibit predictable optical properties. Through analysis of the atomistic
structure of materials, and by relating optical material properties to electrical properties,
some conclusions can be drawn [32]. Optical constants can be related to electrical proper-
ties by neglecting material structure and considering macroscopic material quantities only:

<\/(f + 63 + s1>, (12.8)

H
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% 2<\/El—'+e§ m), (12.9)

where ¢) and & are real and imaginary dielectric constants, respectively. To account for
material structure, Drude analysis of optical and electrical constants describes free electron
or metallic behavior quite well in the visible and infrared (IR) region [33]. Equation 12,10
and Equation 12.11 are Drude equations for optical and electrical constants, related to
material plasma frequency (i) and damping frequency (v,):

P T % (12.10)
2
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To account for optical properties at shorter wavelengths, bound-electron theory needs to
be utilized. For dielectric materials, no intraband transitions exist because of filled valence
bands. Interband transitions are also limited in IR and visible regions because of large band
gap energies. Bound-electron theory alone is sufficient to describe classical dielectric
behavior. Characterization of metallic and noninsulating materials in UV and visible
regions requires use of both free-electron and bound-electron theory. By assuming
a given number of free electrons and a given number of harmonic oscillators, optical
properties over a wide wavelength range can be described. Using bound-electron or
harmonic-oscillator theory, relationships for optical and electrical constants can be
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determined from the following equations:

drce*mN, (v )
Am’m* s V)2 "2’

& (12.12)
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where v is the damping factor, N, is the number of oscillators, m is electron mass, and ¢ 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 12.12
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 (SizN,) 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 (Si0,), and silicon at 436, 365, 248, and 193 nm are contained in Table 12.1 [34]. 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
produced 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 (n and
k) for a variety of materials at 193 nm [35]. From these data, together with compatibility
and process requirements, potential ARC films for 193 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
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FIGURE 12.12

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. (a) A metallic film; (b) a dielectric film; and (c)
a dielectric composite film with increasing metallic content.
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FIGURE 12.13

Reflectivity at the resist/substrate
interface for several 248 nm understoi
chiometric SION antiveflective coating
(ARC) materials under a resist
with a refractive index of 1.76. The
underlying substrate is polysilicon.
Reflectivity for stoichiometric 510,
and SijN, are also shown. SION ARC layer thickness (nm)

Reflectivity

Si0,
n=24, k=04 - —-—s-n

inorganic 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
compromise when using inorganic materials is the increased complexity of deposition
processes over spin coating. Process trends and requirements will probably lead to
incorporation of both approaches for various lithographic operations.

12.4.2 Top Antireflective Approaches

The bottom antireflective 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 interface, as shown in Figure 12.16. This leads 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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FIGURE 12.14
A plot of the optical constants (1 and k) for various materials at 193 nm. A window of desirable antireflective

coaling (ARC) properties is shown, as also described in Figure 12,9, An understoichiometric SiON film would also
suffice for use at 193 nm, with properties falling within the area defined by dashed lines.
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FIGURE 12.15

A comparison of resist loss during pattern transfer to bottom ARC layers. (a) Organic spin on ARC; and (b)
dielectric inorganic ARC. (From Bencher, C., Ngai, C., Roman, B., Lian, S., and Vuong, T. Solid State Technology, 111,
1997.)

reflection effects within an entire resist film stack [38]:

Swing  4y/RR, exp( at), (12.14)

where R, is the reflectivity at the resist-air interface, R; is the reflection at the resist—
substrate interface, « 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 R, 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 R; 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, Ry 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 reflectance. The ideal refractive index for such a film coated over a resist material
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FIGURE 12.16
Diagram of reflection contribution from resist/substrate and resist/air interfaces.
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is that which produces equivalent reflectance from the air and from the resist side of the
interface. This leads to an optimum index of

HZR \/H:ir X ”:esist' (12.15)

[f a film of this index is coated to a quarter-wave thickness (A/4narc), complete destruc-
tive interference can occur. For i-line resist materials with a refractive index of 1.70, an
ideal TARC material would have an index of 1.30 and would be coated at 700 A.
Figure 12.17 shows the reduction in reflection for a quarter-wave top AR layer when the
refractive index is varied from 1.1 to 1.5, For refractive index vahies below 1.3, there is a
larger contribution to reflection from the resist-TARC interface. At values above 1.3, the
contribution from the air—-TARC interface is larger.

The refractive index and reflectance properties of several TARC materials are given in
Table12.2. As the refractive index of a material approaches the ideal value of \/n}, X n¥ .,
the reflectances at the resist and air interfaces are equivalent, allowing destructive
interference at a quarter-wave thickness. Residual reflectances result as TARC indices
deviate from the ideal. To achieve refractive index values near the ideal 1.3, polyfluoroalkyl-
polyethers and polytetrafluoroethylene-based materials cast in solvents that do not dissolve
novolac resist materials have been utilized at TARC layers [41,42]. These fluorinated poly-
mers require removal with chlorofluorocarbons prior to development and have been
replaced by water-based and water-soluble materials 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 at 436 and 365 nm (the refractive index is 1.41
at 365 nm), the reduced process complexity makes them a more attractive choice over
solvent-based systems. Figure 12.18 shows the reflectivity of a resist film stack as resist
film thickness is varied. Reflectivity varies by over 20% for resist over polysilicon over
one swing period. This is reduced significantly with the addition of a water-soluble TAR
coated to a quarter-wave thickness. Exposure and focus-latitude improvement has also
heen demonstrated with these materials.
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Reflectivity

40 45 50 55 60 65 70 75 80 85 90 95 100
TARC layer thickness (nm)

FIGURE 12.17
The reduction in surface reflection through use of a top antireflective coating (TARC) material at 365 nm. Reflec
tion can be eliminated through use of a quarter wave thickness (700 A) of a material with a refractive index of 1.3.
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TABLE 12.2

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

Quarter
Refractive Wave Reflectance Reflectance

Index, n Departure Thickness at Air at Resist

(365 nm) from Ideal at 365 nm Interface Interface
Polyvinyl alcohol 1.52 0.32 600 A 4.26% 0.3%
Polyethylvinylether 1.46 0.16 625 A 3.5% 0.6%
Polyfluoroalkylpolyether 1.27 0.02 713 A 1.5% 2.0%
Aquatar [12] 1.41 0.11 647 A 2.9% 0.9%
Ideal” 1.30 702 A 1.8% 1.8%

* Assuming a resist refractive index of 1.70.

12.5 The Impact of Numerical Aperture on Reflectance Effects

In Equation 12.4 and Equation 12.14, the assumption of normal incidence is made. In
projection imaging, the incident angle of illumination is a function of the NA of the
optical system. Reflectance at an interface is a function of the angle of incidence (in air)
I, and the angle of refraction I, as

1[sin?(; L) tan’(y L)
2 SinZ(Il +12) tan2(11 +Iz) '

(12.16)

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

Resist

------ Resist/TARC

Reflectivity

095 096 097 098 099 100 101 1.02 103 1.04 1.05
Resist layer thickness (um)

FIGURE 12.18
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 substrate. The refractive index of the TARC is
1.41 and its thickness is 647 A.
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scaled by the angle of incidence as (t cos ), where t is the thickness of the film at normal
incidence. Large angles of incidence (with high-NA optics) have been shown to contribute
to reducing the reflective swing ratio [44].

12.6 Contrast Enhancement Materials

Resolution is generally limited in optical lithographic processes by the inability of a resist
material to adequately utilize a degraded aerial image. Optical improvement techniques
including the use of lenses with a higher numerical aperture, shorter wavelength exposure
sources, modified illumination, or phase shift masks can be employed to improve aerial-
image integrity through a sufficiently large focus depth. Additionally, the use of a thinner,
higher contrast resist over a low-reflective substrate can best record aerial images of
limited modulation. The concept of a contrast enhancement material (CEM) coated over
a resist allows an alternative 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-
parent after photoabsorption [45-47]. The process is illustrated in Figure 12.19. Here, an
aerial image of low modulation is incident on a thin CEM layer coated over resist. During
exposure 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
compared with the exposure rate of the underlying resist, the CEM image becomes an
effective contact masking layer. This masking layer transfers the image into the underlying
resist. The net effect is to increase the effective contrast of the resist process.

To be applicable for a microlithographic process, CEM materials must exhibit optical
absorbance values above 2 at thicknesses on the order of minimum feature sizes.
Figure 12.20 shows the spectral characteristic of a 365-nm water-soluble material
consisting of an inert polymer film and an organic dye. Upon exposure, photoisomerism

of the organic dye increases transparency near 365 nm. Several materials have also been
introduced for exposure wavelengths of 436, 365, and 248 nim [48-50].

(X
() Aerial image
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FIGURE 12.19 Resist Image transfer

Schematic of a photobleachable contrast
enhancement material (CEM) process.

The CEM material acts as a contact
mask for exposure of an underlying //////// / /////
resist.
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12.7 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 goal is achieved by using physically distinct layers to separate the
imaging function from the etch resistance, planarization, and reflection suppression func-
tion. Trilevel resists have demonstrated enhanced resolution compared with single-layer
résist 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.

An obvious simplification of the original multilayer technique is to incorporate the
patterning and etch re an_éElMQ,_,Qneﬂ[ay.er_and_rgq_l_lilfé, only one additional layer for
planarization. Eliminating 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 [57]. 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 SiO;
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 [66,67]. Addition of fluorescence quenches improved the photosensitivity for
polysilanes by a factor of 5, although development of the sub-0.5-mm features patterned
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with a 0.35 NA, 248-nm stepper was still performed in an organic solvent [68]. For agueous
development of silicon-containing resists, loss of resolution is often observed because the
silicon-containing groups that are incorporated in the resists interfere with the develop-
ment process by significantly altering the resist hydrophilicity.

Silicon-containing bilayer resists have received renewed attention for use atan exposure
wavelength of 192 nm. A silicon-containing bilayer process capable of imaging 0.175-nm
equal lines and spaces with a 193-nm, 0.5 NA stepper has been demonstrated [69]. This
silicon-enriched methacrylate-based top imaging layer can be developed in standard
tetramethyl amnnnuum hydroxide solution. Interestingly, the top imaging layer is rela-
tively thick (2500 A), suggesting that even finer resolution could he achieved il a thinner
imaging layer could be nsed.

12.7.1.10 Silicon Chemical Amplification of Resist Lines Process

A variation of the silicon-containing bilayer scheme known as Si-CARL (silicon chemical
amplification of resist lines) [70,71] is illustrated in Figure 12.21, Silicon chemical amplifi-
cation of resist lines is a typical bilayer process in that a thin imaging layer is applied on
top of a thick planarizing layer. A strongly crosslinked novolac resist film of sufficient
thickness to suppress substrate reflections and standing waves is used as the bottom layer.
The top resist contains an anhydride, which is converted via acid-catalyzed hydrolysis to a
soluble carboxylic acid. The Si-CARL process in(’m’pm‘ath silicon into the resist atter the
top film has been exposed and developed. An amino-containing siloxane such as bis-
diaminoalkyl-oligo-dimethylsiloxane reacts chemically with the anhydride and provides
the etch resistance for the top resist layer during the subsequent plasma etching of the
bottom Jayer.

The silicon incorporation in. the Si-CARL process is typically pmfnrmcd in solution
using conventional track equipment, but the dry development step is carried out using
2 plasma reactor. The bitunctional oligomers used for silicon delivery, so-called CARL
reagents, have a reactive amine group at each end of the chain and incorporate multiple
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FIGURE 12,21
Hustration of the silicon chemical amplification of resist lines
(Si CARL) process. (a) Exposure of top resist: (b) aqueous
development of top layer; (e} silvlation of top pattern resulting }
in linewidth increase; (d) dey etch transfer of image to bottom () Final pattern
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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%-30% (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 [72]. 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 [72]. It
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.

12.7.1.2 Other Bilayer Techniques Involving Silicon Incorporation

The silicon-added bilayer resist on SABRE process [74] is 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 [74].

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 [75,76]. 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
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improvements in the process are 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 and process resolution [75]. Exposure to an oxygen-containing plasma for
the all dry development step produces an etch resist silicon oxide mask in the unexposed
regions resulting in a positive tone pattern.

The silylated bilayer system depicted in Figure 12.22 employs chemical amplification,
which, because of the low exposure dose requirements, is compatible with the limitations
for the present 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 unexposed portion of the resist [76].

The use of unique materials as top imaging layers is also being explored. For instance, a
bilayer process has been developed in which an imaging layer is formed by plasma-
enhanced chemical vapor deposition (PECVD) from tetra-methylsilane deposited on a
PECVD planarizing layer. The PECVD process allows a very thin conformal top
imaging layer to be applied [77].

Although the bilayer processes show some of the advantages of surface imaging, they are
limited primarily by process complexity. Not only two separate resist applications are
necessary, but also in most schemes both conventional wet development and dry develop-
ment equipment are needed. This complexity generally translates into higher final costs that
have kept many sysiems from becoming widely adopted. Defect and particle generation
and problems with pinholes in the top imaging and barrier layers are additional problems
with multilayer techniques [78,79]. With the notable exception of the Si-CARL and CARL
processes, bilayer approaches are generally viewed as a method for extending the exposure
tool capability and for research applications but not as manufacturable processes.

ls ] o e 1 . m I re Fa) £ g .
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Instead of applying two distinct layers for patterning, the concept of selectively incorpor-
ating an inorganic or organometallic substance into either the exposed or unexposed
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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 SiCl; 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 acronyms, 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.

12.8.1 The Desire Process

DESIRE, which is an acronym for diffusion-enhanced silylated resist, was the first
commercialized surface imaging process [90-92]. Formulated originally for g-line
exposure (436 nm), the technique is readily adaptable for I-line (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].
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12.8.1.3 Silicon Incorporation Step: Vapor Phase Silylation

Incorporation of silicon is typically performed by vapor-phase introduction of a suitable
silicon-containing reagent such as hexamethyldisilazane (HMDS). The mechanism for
diffusion of the gas-phase silylation agent has been widely investigated. The unexposed
naphthoquinone diazide can act as a diffusion inhibitor for HMDS in a phenolic resin,
while the exposed naphthoquinone diazide will increase the diffusion rate [97,98].
CsnegelllAhedsecin vl [Eicnite shbident RitGinaEsles Gl liseliiitsisin o -ihe
silicon must allow 8%-10% silicon incorporation, by weight, to provide sufficient etch
selectivity [91]. Thermal crosslinking of the resist, initiated by the presilylation bake,
continues during the silylation bake, and determines the permeability of the silicon
delivery agent and, hence, selectivity. The presilylation and silylation bake parameters
of temperature and time are sensitive controls for silicon incorporation. In addition, the
chemical structure of the silylation agent will influence the diffusion rate and the total
amount of silicon introduced into the resist. Early versions of the resist for the DESIRE
process exhibited pattern deformation due to the volume change upon inclusion of the
silylating agent in the resist. Changes in the resist polymer and optimization of the
silylating agent have eliminated this problem [99,100].

Although HIMDS is the most readily available silylating agent in semiconductor purity
and was used most often for silylation processes, interesting alternative silylation agents
have been investigated [93]. Small silylating agents such as dimethylsilyl dimethylamine
(DMSDMA) and tetramethyldisilazane (TMDS) require relatively low temperatures
(80°C-120°C), but silylating agents containing bulky groups such as 1,3-diisobutyl-
1,1,2,2,-TMDS proved too bulky to provide sufficient silylation. For the smaller silicon
delivery agents, it is important to decouple the presilylation bake from the silylation to
obtain sufficient crosslinking and selectivity. Polyfunctional silylating agents have proven
very attractive in certain applications [74,101].
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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 [87,89,103], 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 [99,100,104].

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 polymerization, 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 O, 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 [106].
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 SiO,
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
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polymer (T,,) 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) [113,114] and SO, in the plasma have been
reported [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
during 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 exposure tool. An example of severe grass formation 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, temperature, pressure, or silylating agent.
Alternatively, the dry development step can resolve the unwanted silicon inclusion by
extending the overetch time (i.e., overdevelopment) or by introducing an initial nonselec-
tive etch step to remove a certain amount of resist uniformly from the wafer. The latter step,
often referred to as a descun, involves the use of a fluorine-containing plasma or a high-
energy ion-bombardment step [117,118]. Usually, an initial step with low selectivity for
silylated resists is followed by a second, more selective etch [106]. A two-step oxygen
etch, in which the initial step has a high ion energy, can also be used [117]. 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 into higher required exposure
doses and longer processing times. Residue resulting from sputtering of the hard mask is
eliminated by reducing the ion-bombardment energy in the plasma-development step.

Hdge roughness for the dry-developed resist can be a serious concern, particularly as the
dimensions of the line edge roughness become a significant percentage of the linewidth
dimension. Extreme edge roughness is observed if the silicon content is insufficient
to withstand the plasma dry development, and breakdown of the etch mask occurs.
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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 can be 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

FIGURE 12.26
Silylated profiles (raised resist) which have
been delineated using a short plasma etch.
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latter solution leads 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 edge roughness, there have been no
studies published to support this assertion.

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

Avariation of the DESIRE process for positive-tone images, called positive resist image by
dry etching (PRIME), was developed by workers at LET [84,120,121]. The PRIME process
uses the same resist as the DESIRE 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 initial exposure with DUV or e-beam followed by flood exposure at near
UV wavelengths to produce a positive-tone image. During the initial exposure reaction of
the photoactive compound results in crosslinking of the resist. For DUV exposure, only the
top 300 A of the resist is crosslinked, whereas the entire resist thickness is crosslinked upon
e-beam exposure. Degradation of the photoactive compound during the subsequent near-
UV flood exposure increases the diffusion rate of the silylation agent in the previously
unexposed areas. Silylation and dry development are performed in a manner similar to
that in the DESIRE process, the end result being a positive-tone image. A major difficulty
with the PRIME process is the high energies required for both the crosslinking step (400 mJ/
cm? at 248 nm and 300 mC/cm? for e-beam at 50 keV) and the flood exposure (1-2 J/cm?).
Although some work with more sensitive resist formulations has been reported [122], this
still remains a serious concern.

12.8.3 The Silylated Acid Hardened Resist (SAHR) Process

The silylated acid hardened resist (SAHR) process (Figure 12.28) is a positive-tone single-
layer process that relies on photoinitiated, acid-catalyzed crosslinking. In the SAFR
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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%-12% 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 mJ/ cm? 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 [124]. 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.
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However, this predevelopment step removes ~4000 A of resist and requires thicker
initial resist coatings.

Today, modified SAHR processes are being used with e-beam as well as shorter-wave-
length (193- and 13.5-nm) exposure tools [101,114,125-127]. For these shorter-wavelength
exposures, the crosslinking is facile due to the high photon energy. A number of patterning
techniques have exploited this fact to create differential diffusion rates of a silicon-
containing reagent to achieve surface imaging at 193 nm {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 [128].

2.8.4 Other Suiface lmaging Techniques

Investigations targeted at developing surface imaging processes for high-resolution
applications are yielding some interesting results. For example, work using plasma
deposition of organosilicon shows promise for a single-layer and bilayer process
(130-132]. An all-dry-patterning process involving the polymerization of methylsilane
has demonstrated encouraging results with this thin conformal imaging layer [132]. In
addition, nonsilicon-containing single-layer and bilayer processes are being investi-
gated. Near-surface imaging using metal plating to define an etch-resistant mask has
also been demonstrated [133-135]. In this process, a substrate surface is treated with an
organosilane and exposed to DUV (248-nm) radiation. This exposure modifies the
wettability of the substrate surface and reactivity of the surface and reactivity of the
surface film. Subsequent treatment with a Pb/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 the current
generation of optical lithography tools while allowing time for the newer tools to
mature. Surface imaging or near-surface imaging techniques using bilayer approaches
have found limited usage outside the research environment. There are, however, a few
exceptions [73,136,137]. The DESIRE process was transferred to a pilot line at Texas Instru-
ments and used in the early production and qualification of a 16-MB DRAM device [136].
The challenging topography and high reflectivity of the metal level necessitated the use of
SIRs. The DESIRE process was eventually replaced by a process using conventionally
developed resist; however, use of an antireflective coating (ARC) and enhanced planar-
ization techniques were necessary to achieve performance comparable to that of the
DESIRE process. It is of interest to note that the measured defect levels and yield for the
DESIRE were comparable to those of the optimized ARC/conventional resist
process [138]. As mentioned earlicr, the CARL process has been used successfully at
Seimens for manufacturing for a few years [73].

Antireflective coatings, both top and bottom layer films, are necessary for many current
IC applications and are employed in numerous manufacturing lines. The manufacturing
issues for nonconventional resist techniques such as surface imaging or bilayer resist
imaging have been discussed by several authors [78,138,139]. However, the ultimate
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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 Imaging 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
[54,55,67], the single-layer SIR techniques are somewhat simpler from a processing
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 exposure
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 [140]. 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 Imaging 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 [128,141].
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 [89,90,101]. Novel silylating agents are also being explored
[101,102]. Improvements in the multilayer resist processes, particularly for application to
193-nm and EUV exposure, are ongoing. Optical enhancement techniques such as
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modified illumination and phase shifting of reticles are complementary to near-surface
and surface-imaging resist techniques and can further extend the process capabilities.
Surface-imaging resist processing has become more widely known in the semiconductor
industry. The equipment necessary for processing is becoming commercially available
[42], and some of the nontraditional steps are becoming more familiar to lithographer
because organic antireflective layers also require dry etching. 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 single-layer resist (e.g., antireflective coatings, etch hard masks)
is considered.
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