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Certain commercial equipment and materials are identified
in this paper in order to specify adequately the experimental
procedure. In no case does such identification imply recommen-
dations by the National Institute of Standards and Technology
nor does it imply that the material or equipment identified is
necessarily the best available for this purpose.

19.1 Introduction

The modern integrated circuit (IC), comprising memory,logic
processors and analog devices are multicomponent and multi-
level nanostructures prepared by a series of patterning and
pattern-transfer steps. Figure 19.1 shows the cross-sectional
hierarchical structure that starts from the smallest feature, the
transistor, to dielectrics and metal contacts, that are each well
defined and must precisely overlay the previous layer. This
three-dimensional nanoelectronics structure is manufactured
by a rapid patterning process called lithography.

Since the invention of the transistor in 1947 by Bell Labs and
Intel’s first microprocessor in 1971, modern lithography has
enabled the semiconductor industry to shrink device dimen-
sions. The early progress was first quantified by Gordon Moore

in 1965 and is now known as Moore’s law.! While progress in
all process steps are required to achieve the continual shrinking
of circuit elements, the advancements in lithography have been
the overwhelming driving force. Figure 19.2 shows how Moore’s
law has guided the industry’s systematic increase in the number
of transistors per chip since the introduction of the IC. Indeed,
now and in the future, the industry will achieve productivity
improvements primarily by feature reduction.?

While a wide variety of lithography technologies have been
developed, optical step and repeat lithography technologies
are the predominant methods of printing features on the semi-
conductor surfaces and overlying the interconnect structures.
A number of competing technologies have been explored,
such as x-ray>* and flood electron beam (SCALPEL),>¢ but
optical lithography has dominated through vigorous optical
technology and tool developments that have left it the lowest
cost solution with highest throughput. Direct-write electron-
beam technology provides the highest resolution and remains
the leading technique for manufacturing the masks used by
optical lithography. A novel way of comparing different lithog-
raphy strategies is by a plot of resolution versus throughput,
also known as “Tennant’s Law,””® as plotted in Figure 19.3. In
this plot, direct-write approaches, such as single-atom place-
ment by scanning tunneling microscopy (STM), atomic-force
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FIGURE 19.1

Cross section of an integrated circuit, showing the active semiconductor and multilayer interconnect levels. (Reproduced from

International Technology Roadmap for Semiconductors, 2007 edition, SEMATECH, Austin, TX, Figure INTC2, 2007. With permission.)
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FIGURE 19.2 A composite plot of the scaling of the number of
transistors, clock speed, and manufacturing technology versus the
year of introduction of Intel Processors. (Data from www.intel.com/
technology/timeline.pdf. With permission.)

microscopy (AFM) tip-induced oxidation, and electron-beam
lithography are compared with optical steps and repeat lithog-
raphy that replicate the features of a mask. The continued
advancements in optical lithography have pushed the resolu-
tion to smaller features at higher pixel throughput, as analyzed
by Brunner.’

The fundamental guide for optical step and repeat lithogra-
phy is the Rayleigh equation, which provides the scaling criteria
for predicting the smallest optically definable image?

(19.1)

where
A is the source wavelength
n is the medium refractive index
n sin O is the numerical aperture (NA) with the incidence
angle (0)
k, is a process dependent factor

While the Rayleigh equation defines the resolution, the abil-
ity of the photoresist to replicate the mask features is of critical
importance. All approaches and manufacturing tools have taken
advantage of the Rayleigh equation to predict transitions from
each manufacturing technology node (smallest feature size) up
to the diffraction limit. Optical lithography started with the near
ultraviolet (UV) g-line (436 nm) and i-lines (365 nm) of mercury-
arc lamps and made way for laser sources in the deep ultraviolet
(DUV) from KrF (248nm) and ArF (193nm) excimers. A sig-
nificant extension, immersion lithography, decreases the 193 nm
wavelength by using water as the immersion fluid and is on track
to produce features down to 32 nm. The next-generation photo-
resist materials, described in Section 19.2, for sub 22 nm features
expect to image 13.4nm radiation in extreme ultraviolet (EUV)
with all reflective lithography imaging tools.

While most of this chapter focuses on the leading-edge and
next-generation technologies used for defining the finest features
in nanoelectronics, it is important to recognize that for most
applications it is necessary to connect the nano-world (transis-
tor) to the macro-world (a computer motherboard). Figure 19.1
shows the cross section of an IC. Note, however, that the inter-
connect sizes increase at subsequent higher levels. Therefore,
the previous-generation tools continue to play crucial roles by
migrating to the higher levels of interconnect.
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FIGURE 19.3

“Tennant’s Law,” whereby the resolution (R) versus areal throughput (T) scales as R = 2.3 T2, the progress of optical step and

repeat lithography has driven to higher resolution and throughput. (Adapted from Tennant, D., Limits of conventional lithography, in Timp, G.M.
(ed), Nanotechnology, AIP Press, New York, Chapter 4, p. 161, 1999. With permission.)

Microelectronics and now nanoelectronics technology have
become a collaborative and competitive worldwide effort,
as exemplified by the International Technology Roadmap for
Semiconductors (ITRS), available to the public at http://www.
itrs.net. The ITRS is updated every two years by subject matter
experts from the semiconductor manufacturing industry, the
tool and materials supplier industries, the factory automation
infrastructure, academia, and government agencies. An impor-
tant guiding aspect of the ITRS roadmap is the identification of
the status of the technology nodes and guidance of the phases
of research, development, and pre-production. In particular,
the 2007 edition identifies potential lithographic solutions out
to 2022, with a predicted dynamic random access memory half
pitch of 11 nm and FLASH memory half pitch of 9nm as shown
in Figure 19.4.

In this roadmap, several emerging lithography approaches
are highlighted. Double patterning with 193nm DUV water
immersion is expected to extend to the 32 nm half pitch era with
high-volume production in 2013. Alternatively, contending tech-
nologies for 22 nm half pitch are EUV Lithography, 193nm DUV
immersion with higher index fluid and lens materials, maskless
lithography (ML2), and nanoimprint lithography (NIL).!*!' NIL
is rapidly emerging as a low-cost, high-resolution, and versatile
alternative to optical lithography. Below 22nm half-pitch, the
likely technology solutions are less clear. All the technologies
mentioned above, along with new contenders, such as directed
self assembly, have credible paths. However, each would have to
surmount numerous technical difficulties while limiting exorbi-
tant cost and loss in throughput.

In the rest of this chapter, we describe some of the chal-
lenges facing the photoresist materials (Section 19.2) used in
optical lithography including some crucial aspects facing these
materials as the feature dimensions are reduced to the length
scale of the basic photoresist polymers. In Section 19.3, DUV
lithography, the basic optics, advancements in steppers, and
approaches to extend to higher-resolution, denser features
are described. In Section 19.4, electron-beam lithography is
covered with respect to the metrics of resolution, through-
put, overlay requirements, and cost. Section 19.5 highlights a
nonoptical lithography approach, NIL. In this section, several
variations of NIL for transferring mask features into a photo-
resist are described. Finally, in Section 19.6, we end with an
overview of the metrology requirements for nanolithography.
Figure 19.1 is a reminder that one must print and measure a
wide-range of feature dimensions, from the nanoscale to the
macroscale. Lastly, a separate chapter in this handbook is dedi-
cated to EUV lithography.

19.2 Photoresist Technology

The optical image projected from a mask upon a thin film at
the semiconductor wafer plane is the first step of photolithogra-
phy.1*12 The thin films that replicate the mask features are called
photoresists with basic process as shown in Figure 19.5. The high
sensitivity of photoresists to radiation have consistently met
the challenges of smaller, high-fidelity features with increased
throughput driven by memory and processor chip performance
to feature size gains (Moore’s law). The etch resistance of the
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FIGURE 19.4 Roadmap for half pitch scaling. (Reproduced from International Technology Roadmap for Semiconductors, 2007 edition,

SEMATECH, Austin, TX, Figure LITH5, 2007. With permission.)
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FIGURE 19.5 Schematic of the lithographic process for positive and
negative tone resist.

photoresist allows pattern transfer into the underlying semicon-
ductor wafer.

Test structures, such as a line and space pattern as shown
in Figure 19.6, must meet criteria as defined by the ITRS
roadmap for critical dimension (CD). The CD is the feature

75500_C019.indd 4

size, for example, in a 32nm half-pitch 1:1 dense line, a line
with a width of 32 nm is followed by a space of equal size. The
Rayleigh equation defines the resolution; however, the ability
of the photoresist to perfectly replicate the mask features is
of critical importance. The line-width variations called line-
width roughness (LWR) and line-edge roughness (LER) must
be reduced to less than 2nm for 32 nm half pitch (HP) as they
impact device performance.’*!* Therefore, the photoresist
materials chemistry plays a substantial role for both resolu-
tion and LER. Methods to extend resist resolution by double
patterning methods and new photoresist architectures must be
leveraged against meeting the LER requirements for sub-22 nm
lithography.

19.2.1 Fundamentals

The requirements for advanced photoresists are discussed in the
2007 ITRS roadmap.!* Specifically, the “Lithography” chapter
highlights difficult challenges:

Resist materials at <32nm indicates three issues (1)
Resist and antireflective coating materials composed
of alternatives to PFAS [perfluoroalkysulfonate] com-
pounds, (2) Limits of chemically amplified resist sensi-
tivity for <32 nm half-pitch due to acid diffusion length,
and (3) materials with improved dimensional and LWR
control.
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FIGURE19.6 Example of a cross-sectional SEM image of a 100 nm 1:1 line-space lithographic line. The fluctuations in the feature critical dimen-

sion along the line are quantified by line-edge roughness and line-width roughness metrics as indicated in the schematic.

The details of the photoresist materials chemistry are at the heart
of turning the optically defined patterns into three-dimensional
nanoscale features. Chemically amplified photoresists are for-
mulations of an acid-sensitive polymer film mixed with pho-
toacid generators (PAGs) and other additives, such as base
quenchers. Upon exposure through a mask, strong acids are
formed by photolysis of the molecularly mixed PAG within the
thin film. A post-exposure bake is then applied and the acidic
protons (photoacids) diffuse along with the counter-anions and
catalyze a deprotection reaction on the acid-sensitive polymer
to change the local solubility for development in an aqueous
hydroxide solution as shown in Figure 19.7. The photoacids are
true catalysts as they are regenerated by each deprotection reac-
tion;'® hence, the term chemical amplification refers to the cas-
cade of reactions that occur within the photoresist induced by a
single photon. Therefore, these photoresists may be used at low
exposure doses.

hv

PAG] — HTRO
Photoacid generator Photoacid

H*R +

Developer-insoluble
polymer

Developer-soluble
polymer
+ HI*R’

100-10,000 cycles

NN

The chemical reaction-diffusion that forms the latent
image and development must be understood and controlled
at the nanometer length scale. Chemically amplified photo-
resists are also deposited onto bottom anti-reflection coat-
ings (BARC) to eliminate the effects of standing waves.
Interactions and component transport between the BARC
and resist layer can lead to loss of profile control or pattern
collapse and therefore must also be understood. Detailed
studies of these interactions and transport mechanisms are
needed to design materials for the successful fabrication of
sub-32 nm structures.

As feature sizes are reduced to below 32 nm, a general problem
of simultaneously minimizing dose sensitivity, CD, and LER was
observed experimentally and theoretically. These observations
suggest only two of these metrics may be met at the sacrifice of
the third. Several theoretical models®-'® have been proposed,
such as those by Bristol (2007)

Exposure dose profile

Photoacid image

Latent image

Developed image

11

FIGURE 19.7 Schematic of the photolysis process of a photoacid generator that forms a strong acid (H*R") and the subsequent acid catalytic

reaction that changes the solubility of the polymer in a developer solution. Schematic of the mask-defined dose profile, subsequent profile in the
photoresist film that leads to a photoacid image and chemical latent image formed during the post-exposure bake. The final developed image is
formed after selective dissolution in a developer solution as determined by the extent of chemical reaction in the nominally exposed regions.
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(19.2)

LER = 1 1+ l 1 ,
Jqo.D, V" " e LILS -
where

q is the number of photons/nm?

D, is the dose at the line-edge (threshold for development)

o. is the fraction of light absorbed

€ is the quantum efficiency defined by the (molecules of
acids produced)/(number of absorbed photons)

d is the effective photoacid diffusion length

LILS is the latent-image log slope

As shown in the schematic of Figure 19.7, the initial photo-
acid image is followed by a post-exposure bake step whereby
the photoacid diffuses and reacts. The extent of the reaction
will define a chemical latent image in the photoresist. The local
slope of the chemical transformation, or latent-image log slope
(LILS), at the point of development is critical to maximize.
Qualitatively, a large exposure dose leads to a lower LER at
fixed LILS and 8. However, notice that once smaller features are
desired (8 < CD), then the photoacid diffusion length should
be reduced; hence at fixed D,, a smaller 8 may increase LER.
The full problem is a nonlinear reaction-diffusion equation
and typically requires additional parameterization to include
the effects of photoacid loss, photoacid trapping, and amine
quenchers that react and diffuse. However, approaches such as
Equation 19.2 provide qualitative insights into the resist prob-
lem. In cases when the material specifics were not known, the
form of material constant = (half-pitch)® x (LER)? x (Sensitivity)
has been used.!”

Such resolution limits are linked to the fundamentals of pho-
toacid generation (via D,, ., €) and chemical reaction-diffusion
during the post-exposure bake that defines the LILS, choice of
photoresist chemistry, PAG size, and processing time and the
temperature that ultimately determines the photoacid diffu-
sion length and development step that resolves the final feature.
Experimental methods have been developed to quantitatively
measure many of these parameters. More recently, parameters
such as the photoacid diffusion length were estimated by model-
ing of the lithographic feature power spectrum.!¢

The efficient generation of photoacids is also crucial to pho-
toresist technology. Analytical methods have been developed
to measure photoacid generation and quantum efficiency.2°-23
Many of these techniques rely on a well-defined dose upon pho-
toresist thin films followed by analytical approaches to deter-
mine the acid concentration via titration with a standard base.
More recently, quantifying the quantum efficiency and acid
generation mechanisms in EUV photoresists has taken a more
important role as increasing the acid concentration or effi-
ciency (Equation 19.2) is a method for reducing LER. For 248
and 193 nm lithography, photoresist polymers were designed
for low absorbance, while the PAG absorbs strongly for pho-
tolysis. Since organic photoresist polymers absorb strongly
in the EUV, the photolysis induced by the direct exposure of

Handbook of Nanophysics: Nanoelectronics and Nanophotonics

the 92 eV photon and secondary electrons are equally impor-
tant. In fact, the € for EUV exposure is greater than 1 due to
the non-negligible contribution from lower energy secondary
electrons. In both DUV and EUV lithography, the photoacid
image plays the important role of changing the local solubility
of the photoresist polymer in the nominally exposed regions
(Figure 19.7).

During the post-exposure bake, the latent image (Figure
19.7) formed is a composition profile of the photoresist within
the line:space feature. The true shape of this profile is due to
the photoacid catalyzed reaction-diffusion process that cleaves
(deprotection) a nonpolar side-group of the photoresist poly-
mer. The influence of the optical image quality on the final
developed feature may be probed by varying the aerial image
contrast. Hinsberg et al. elegantly showed that the initial pho-
toacid distribution, controlled through the exposure quality by
interferometric lithography, significantly affects the printed fea-
ture quality.?* Furthermore, using an image-fading technique,
Pawloski et al. identified an apparent resolution limit in the final
feature of 193 nm resists as quantified by LER versus the image-
log slope (ILS).%* These changes in the feature quality are also
controlled by the reaction-diffusion of the photoacid!? into the
unexposed regions that leads to image spreading or blurring.2
However, even with an ideal step-exposure condition, mimicked
by forming a bilayer stack, the reaction-diffusion process induces
an image blur. Controlling the photoacid reaction-diffusion (via
LILS and §) remains an important strategy for improving fea-
ture quality.

The transport properties of the photoacid are also influenced
by the changes in the local chemical composition that occur dur-
ing the deprotection reaction.?” Houle et al. demonstrated that
the evolving resist polymer chemistry plays a crucial role in lith-
ographic imaging.?® An increased photoacid size decreased the
apparent diffusion length,?* but also quantitatively increased
the LILS.3%3! However, the catalytic efficiency of the photoacid
proton can dominate, such that by increasing the size of the pho-
toacid counter-anion, image blur occurs primarily due to the
local proton mobility, not diffusion of the acid-counter-anion
pair.’? Neutron reflectivity methods were developed to charac-
terize the shape of the reaction-diffusion front with nanometer
resolution.!430:333-37 In these studies, the influence of the evolv-
ing chemical composition on the spatial-extent of the reaction
profile was directly measured.

Base quencher additives are also used in photoresist for-
mulations to limit the reaction and diffusion of the photoacid
catalyst into unexposed regions.!'>*® The influence of these
neutralizing species on the reaction-diffusion process is com-
plex.* The simplistic view of the quenchers solely acting to
neutralize photoacid, thus decreasing the acid concentration,
is not always correct.*® The quencher appears to partially neu-
tralize the photoacid less than stoichiometrically, influence
the dissolution either as promoters or inhibitors, and increase
the development induction time.* The partial neutralization
initially reduces the amount of acid available after photoly-
sis proportional to the base concentration.*’-*? The influence
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of quenchers on the chemical gradients in the film were sus-
pected to control LER.** Direct measurements of the effect
of amine quenchers on the reaction-diffusion profile shape
(LILS) and spatial extent (8) were determined by neutron
reflectivity.®

A central assumption in these resolution limit models is a
direct transfer of the chemical deprotection reaction-diffusion
heterogeneity on the feature quality; the details of the develop-
ment process are not considered. However, the bulk of photore-
sist thin films dissolve via reactive dissolution kinetics involving
a well-defined steady-state swollen layer.#4-%¢ This swollen layer
must approach the nominally unreacted and unexposed zone as
bulk development ceases.”” This crucial transition zone results
from the initial deprotection latent image that can be controlled
by aerial images, polymer chemistry, photoacid generators and
base additives, and post-exposure bake conditions.?** The
mechanism of how the advancing swelling dissolution front faces
the transition of soluble to insoluble species (solubility switch) is
crucial for the understanding of resist resolution limits. This was
addressed by neutron reflectivity techniques that directly mea-
sured the developer penetration and extent of line-edge swell-
ing.#8-50 The residual swelling fraction at the feature edge remains
diffuse over length scales (>10nm) far exceeding the polymer
chain dimensions during hydroxide development and water
rinse step; the swelling layer eventually collapses upon drying.

PAG

 Disk-like

Polymer bound

19-7

Alternative development approaches to control this residual
swelling fraction may be needed to smooth and reduce LER.

19.2.2 Advances by Material Structure

In a typical polymer photoresist, the PAG is dissolved along
with the photoresist polymer and spin cast to form a thin film
mixture, or binary blend. Polymers provide flexible platforms to
change functional groups in order to meet etch resistance, opti-
cal transparency, refractive index requirements, and a variety
of acid-sensitive protecting groups. The high glass transition
temperatures (typically, T, > 140°C) provide dimensional sta-
bility and wide latitude in post-exposure bake temperature that
increases the rates of reaction and photoacid diffusivity. Lastly,
polymers have a large degree of lipophilicity in an aqueous base
developer that provides a high-development contrast.!?

Driven by the CD requirements, it was considered that reduc-
ing the photoacid diffusion length would enable smaller CD. The
PAG and polymer blend approach may not be the most effective
route, since the photoacid could diffuse to lengths longer than
the CD. In order to address this viewpoint, an alternative resist
structure was devised that covalently bonds the photoacid gen-
erator to the polymer as shown in Figure 19.8a.5->* With this
approach, after exposure, the photoacid counter-anion remains
covalently bound to the polymer thereby restricting the acidic

PAG bound to
molecular resist

Molecular resist
with PAG core

FIGURE 19.8 Cartoons of photoresist architecture alternative to polymer and PAG blends: (a) Photoresist polymer bound to the PAG, (b) molec-
ular glass resist with variable core structure, (c) molecular glass resist bound to the PAG, and (d) PAG-core molecular resist.
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proton diffusion length. Such approaches remain promising
especially to increase the dose sensitivity.

Since the CD and LER metrics are approaching the char-
acteristic dimensions of the photoresist polymers, alterna-
tive architectures were considered to extend photolithography
by using lower molar mass molecules.®® These molecular glass
(MQ) resists, while smaller, may also improve the uniformity of
blends with PAG and other additives since miscibility of poly-
mer blends decreases with increasing molar mass.>® In general,
the molecular glass resist has a well-defined small-molecule
core that bears protected base-soluble groups (such as hydroxyls
and carboxyls) as shown in Figure 19.8b. With this approach,
the core chemistry can vary from calix[4]resorcinarenes (ring-
like),*->® branched phenolic groups,®®®! and hexaphenolic
groups (disk-like).62%3 Early approaches with MG led to low glass
transition temperatures, however, such problems were resolved
by increased hydrogen bonding functionality and the design
of the core structure. The MG resists may also benefit from a
more uniform development due to the lack of chain entangle-
ments and reduced swelling, when compared with polymers;
these are active areas of research. Experimental data using the
quartz crystal microbalance method demonstrate that swelling
appears during development even with molecular glass resists.®
Most of these alternative resist structures adhere to the chemical
amplification strategy. However, nonchemically amplified pho-
toresists are also being considered as they do not contain photo-
acid generators and hence do not suffer from photoacid diffusion
length constraints.®

Two other novel MG variants are a PAG covalently bound to
the molecular resist (Figure 19.8¢) and the core of the molecule
serving as the PAG® (Figure 19.8d). As designed, there would
be no need for the blending of PAG with such resist systems.
In the case of Figure 19.8d, photolysis produces a photoacid,
which then would deprotect the unexposed acid-sensitive
protecting groups of the PAG-core molecular glass. These two
approaches (Figure 19.8c and d) are smaller pixel sizes and true
one-component systems that in principle eliminate surface seg-
regation and phase separation in cast films. These alternate resist
structures, however, typically require additives such as amine
base quenchers to limit the diffusion of the photoacid catalyst
into unexposed regions.

19.2.3 Progress in Resists for EUV

There has been progress in designing photoresists for EUV
lithography in anticipation of the 22 nm nodes. The testing and
development of new materials typically relies on direct litho-
graphic testing to screen formulations. However, due to the lack
of widely available EUV exposure tools, micro-field exposure
tools (MET), such as the 0.3NA SEMATECH Berkeley MET
have an important role for resist testing. Substantial progress®’
in reaching CD challenges with commercial chemically ampli-
fied photoresist were reported with 20nm half-pitch with an
EUV dose sensitivity of (12.7-15.2) mJ/cm?, which is near the
theoretical Rayleigh resolution limit of the 0.3-NA system with

Handbook of Nanophysics: Nanoelectronics and Nanophotonics

a k, of 0.45. While progress in resolution and sensitivity were
observed, LER remains a challenge. In fact, the fidelity of the
resist feature may have non-negligible LER contributions from
the EUV mask and optical trains as ascertained by modeling.
After subtracting an estimated mask contribution, resist LER
values appear to approach the 2 nm level. Additionally, a pattern
collapse of sub-20 nm dense features suggests the intrinsic reso-
lution could be better than expected. In fact, unoptimized model
EUV polymers and MG photoresists clearly show 20 nm features
as quantified by the latent image and developed image rough-
ness.%® Alternative development approaches® may provide new
directions to break the resolution limits (Equation 19.2), which
currently do not directly consider development effects, such as
swelling and swelling layer collapse.

19.2.4 Progress in Resists for 193nm
Immersion Lithography

By inspection, the Rayleigh equation (Equation 19.1) directs
that the smallest feature may be achieved by employing higher
refractive index media (photoresist and immersion fluids).
Currently, highly purified water with n = 1.44 is used as the
immersion fluid and typical 193 nm polymers have n = 1.7. The
development of photoresists and immersion fluids with higher
n are needed. A strategy to increase the refractive index is by
incorporating more polarizable heteroatoms, such as sulfur,’0-7?
into the polymer structure. Halides such as Cl, Br, and I would
increase the refractive index at the expense of absorption and
possible photo-induced side reactions. Developer-soluble top-
coat barriers’*”77 or engineered surface-segregating barrier-
layer additives’®-3% are typically used to reduce or mitigate the
leaching of critical components (PAG and quenchers) into the
immersion fluid.

19.2.5 Concluding Remarks

Sub-32nm critical dimensions come with many resist chal-
lenges. The challenges of reducing feature size and decreasing
LER and sensitivity are inter-related. Current attempts to sur-
pass resolution challenges include novel resist process strategies
such as double patterning and double exposure as well as novel
architectures. However, it is clear that the quality of the final pat-
terned structures is inter-dependent upon the spatial distribu-
tion of the photoacid (optical image quality), the spatial extent
of the reaction-diffusion process (latent image), and the develop-
ment mechanisms. The guidance of the resist resolution metrics
in cooperation with improved materials fundamentals will help
photoresist materials achieve ever smaller features as suggested
by the Rayleigh equation.

19.3 Deep Ultraviolet Lithography

Deep ultraviolet (DUV) lithography, using KrF or ArF excimer
lasers with illumination wavelengths of 248 or 193 nm, respec-
tively, is now the predominant technology for producing critical
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FIGURE 19.9 (a) Schematic of the DUV photolithography exposure process. The numerical aperture is defined by NA = nftid sin 0, where 0 is
the half angle of the marginal rays and n"d is the index of the fluid (gas or liquid) between the final lens element and the resist. (b) Illustration of
a commercial 193 nm immersion lithography system (ASML TWINSCAN XT:1950i), showing the cylindrical optics barrel in the center, the mask
above the optics system, and an illuminated wafer below. (Courtesy of ASML, Veldhoven, Veldhoven, the Netherlands.)

layers of leading-edge, mass-market semiconductor logic and
memory ICs. The technology is based on illuminating a pat-
terned fused silica mask with diffused excimer laser radiation
and imaging the transmitted light patterns with 4:1 image
reduction onto a photosensitive-resist-coated Si wafer, using a
diffraction-limited optical system. The process is indicated sche-
matically in Figure 19.9a. The illuminated wafer is removed from
the optical system for chemical processing steps to convert the
exposed pattern (latent image) in the resist to a patterned struc-
ture on the wafer and put back into the optical system multiple
times for further exposure/processing steps. State-of-the-art ICs
are built up from about 20-30 layers, a significant fraction of
which involve DUV exposure steps. An illustration of a leading-
edge 193nm immersion lithography exposure tool for volume
production is shown in Figure 19.9b.

DUV lithography is an evolution of optical-projection lithog-
raphy developed in the late 1960s and the 1970s using the strong
spectral lines from mercury discharge lamps to illuminate first
at 436 nm (g-line) and later at 365 nm (i-line). In these early sys-
tems, the pattern on the mask for the entire circuit was illumi-
nated and imaged onto the wafer for a specified exposure time,
and then the wafer was “stepped” to an adjacent unexposed posi-
tion for another imaging of the circuit pattern. This was repeated
until the wafer was filled with as many identical exposures as the
wafer size allowed. These wafer “step-and-repeat” systems were
termed “steppers.”

In modern leading-edge DUV lithography systems, the full
circuit illumination of the mask is replaced by a “scanned” illu-
mination. A fraction of the circuit pattern on the mask is illumi-
nated in a narrow strip across its width and the mask is scanned
under this strip, while its image is projected with a 4:1 reduc-
tion ratio onto a wafer scanning in the opposite direction, at a
speed relative to the mask reduced by the factor of 4. When the
full circuit pattern has been exposed, the wafer is stepped to the
next position and the process repeated. The exposure image is

stepped-and-scanned across the wafer, producing typically over
50 full chip exposures on a 300 mm diameter wafer at a rate giv-
ing about 100 wafers per hour. These wafer “step-and-scan” sys-
tems are referred to as “scanners,” though they are often referred
to as “steppers” as well.

The first commercially available production optical-
projection lithography system, the DSW4800, was introduced
by GCA in 1978. It achieved a minimum feature resolution
of a little over 1um and a slightly larger depth of focus.!® At
the time, it was fully understood that the resolution of the
optical-projection lithography approach was fundamentally
restricted by the diffraction limit given roughly by the Rayleigh
resolution criterion in Equation 19.1. In DUV lithography, the
process-dependent factor k, is of order 1 Ref. [10,84]. Actually,
Equation 19.1 is intended to capture both the limiting effects of
diffraction and the impact of the resist processing. Considering
just the diffraction effects, Equation 19.1 would refer to the aerial
image at the image plane, and k; would be determined only by
the profile of the light intensity. However, the actual size of a fea-
ture ultimately created by the lithography process also depends
on the chemical processing of the exposed resist as described in
Section 19.2. For an isolated feature, this size can be any value,
i.e., k, has no fundamental restrictions. On the other hand, for
the dense structures of real circuits, e.g., modeled by a periodic
structure, the separation between printed features (the pitch)
is fundamentally limited. With the minimum feature size in
Equation 19.1 defined as half the pitch for a single exposure, k,
can be rigorously shown to have a minimum value of k, = 0.25
Ref. [10,84]. This limit holds for any single-exposure process, as
long as the process has a linear dose response.

Because a functional circuit must have some topology and
because imaging control is imperfect, the resist exposure pro-
cess requires some finite depth of focus (DOF). This also has a
diffraction and geometric limitation, which is characterized by
Equation 19.3
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where, for small NAs, a process-dependent prefactor k, is con-
ventionally used.!®®* For large NAs, the exact form of the equa-
tion conventionally incorporates a different process-dependent
prefactor ky x 4.%

In the early 1980s, reasonable considerations about the pros-
pect of significantly altering the parameters in Equations 19.1
and 19.3 to improve the resolution and DOF led to the con-
clusion that optical-projection lithography had an ultimate
dense feature size resolution of about 0.5um. Consequently,
it was assumed then that progress in high-volume-production
ICs would require switching within a decade or so to alterna-
tive lithography techniques with more extendibility potential.
These included electron-beam direct-write lithography (with
multiple parallel beams), electron-projection lithography, ion-
projection lithography, x-ray-proximity lithography, extreme-
ultraviolet lithography, and nanoimprint lithography.!® Few
people, if anyone, publicly predicted then that the factors in
Equations 19.1 and 19.3 would be relentlessly driven to enable
optical-projection lithography to out-complete all the alterna-
tive technologies mentioned above, in cost and performance
capabilities for volume production, at least into the second
decade of this century.

19.3.1 DUV Lithography Steppers

A primary driver for this progress has been the wavelength fac-
tor in Equation 19.1. This can be seen in Figure 19.10, which
shows a log-linear plot of critical feature sizes of leading-edge
ICs as a function of year introduced into large-scale produc-
tion, along with the illumination wavelength used. Wavelength
reduction has been aggressively pursued in part because, as is
clear from Equations 19.1 and 19.3, feature size reduction by
decreasing wavelength reduces DOF less than that by increas-
ing the NA. However, the switch from Hg-arc lamp illumina-
tors with wavelengths at 436 and 365nm to the DUV excimer
laser sources with wavelengths at 248 nm (KrF) around 1995 and
193nm (ArF) around 2000 was a very challenging one. Hg-arc
lamp sources are compact, relatively inexpensive, reliable, and
operate continuously. KrF and ArF excimer lasers are much
more complex, substantially more expensive to purchase, oper-
ate reliably, have undesirable laser coherence properties, and the
illumination is pulsed. This last characteristic has been particu-
larly troublesome because obtaining the required exposure doses
fast enough for acceptable wafer throughputs requires very high
pulse peak intensities. This puts very stringent requirements on
the durability of lens and window materials in the optical system.
Further, the shorter UV wavelengths substantially limit material
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FIGURE 19.10 Plot of critical feature size (half pitch) of leading-edge
semiconductor integrated circuits versus year of volume production, on
alog-linear plot. Also included is the lithography wavelength used and
the theoretical minimum half pitch for single exposures (0.25A) for this
wavelength. 157 nm technology has not been brought into production.
Effective A is A/n for 193 nm immersion lithography. Optical materials
used for lenses at each A are also indicated.

options for these optical elements. In particular, at the time of
the introduction of 248 nm lithography, UV-fused silica glass
was the only UV-transmitting material that could meet the tight
optical properties specifications for the large lenses required. For
193nm systems, in addition to UV-fused silica, a second high-
quality material, crystalline calcium fluoride (CaF,), had to be
developed for lenses to correct for chromatic aberrations in the
optical system due to the wavelength dispersion of the index of
fused silica (see Figure 19.10).

Fused silica glass is an amorphous form of SiO,, which mini-
mizes the large birefringence effects of the uniaxial crystal
structure of crystalline SiO, (quartz). However, the amorphous
structure makes fused silica a thermodynamically metastable
material and it suffers structural changes under exposure to
high 193 nm laser intensities. These changes result in both vol-
ume compaction and rarefaction effects with different intensity
dependencies.®® The resulting refractive index and lens geom-
etry changes can substantially degrade lens performance. To
minimize these effects, maximum intensities have to be limited
throughout the stepper optics, and the more durable CaF, lens
elements generally must be used in the positions with highest
intensities, for example, at the final lens position.

For wavelengths much below 193nm, UV-fused silica glass
has poor transmission, leaving only the cubic structure Group
II fluorides as practical lens materials. Of these, only CaF, has
been made with lithography-grade optical quality. Hence, wave-
length extension to 157 nm with F, excimer lasers would require
the lenses to be made only from CaF,, or possibly from other
related fluorides, such as BaF,, if the optical quality could be
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significantly improved.®” The availability of lithography-quality
CaF, for lens material has been a key issue for the development
of both 193 and 157 nm lithography technologies, and building a
CaF, manufacturing infrastructure to support the needs of both
of these technologies has been a major challenge. A principal dif-
ficulty with CaF, production is that its relatively low thermal con-
ductivity and high thermal expansion coefficient requires it to be
cooled very slowly from the melt in order to obtain low-strain,
single-crystal material of the sufficiently large sizes needed for
lenses. Even many weeks of controlled cooling in elaborate
temperature-controlled furnaces gives a low yield of lens blanks
meeting specifications. One result is that 193 nm stepper systems
have been designed to use the minimum number of CaF, lens ele-
ments possible, though CaF, has not been designed out entirely.

A further unexpected complication from the use of CaF,
lens elements in 193 and 157 nm lithography systems resulted
from a faulty assumption that the cubic crystalline structure
of CaF, would ensure isotropic- and polarization-independent
optical properties (for high-quality crystals), as could be “dem-
onstrated” by naive symmetry arguments and measurements at
longer wavelengths. In fact, CaF, turned out to have substantial
index anisotropy and birefringence at the short wavelengths of
193 and 157 nm.® This is due to the symmetry-breaking effects
of the finite photon momentum at these wavelengths, giving rise
to a “spatial-dispersion-induced” or “intrinsic” birefringence.®
Fortunately, the symmetric nature of this effect has enabled it to
be minimized by judiciously orienting the crystal axes of several
lens elements to substantially cancel the effects.

Beyond 157 nm, a few shorter wavelengths have been consid-
ered for further resolution extension: 126 nm from Ar, excimer
lasers”® and 121.6nm from hydrogen Lyman-o discharge
sources.”! At these wavelengths, the only transmissive optical
materials known are LiF, which has high extrinsic absorption
and poor exposure durability, and MgF,, which has high natural
birefringence due to its noncubic crystal structure. These shorter
wavelength technologies have not been developed beyond feasi-
bility studies.?®?! Below about 100nm, no practical material is
transparent and refractive optics are not possible. For reasons
primarily associated with the development of immersion lithog-
raphy discussed later, 157 nm lithography, though demonstrated
to be technically feasible,®” has been dropped off of technology
roadmaps.' It now appears likely that the shortest wavelength
that will be used for production lithography with refractive
optics is 193 nm.

As of 2008, 193 nm steppers are the primary tools for produc-
ing critical layers of high-volume, leading-edge ICs. Their ArF
excimer laser sources are pulsed (=6kHz, 10 mJ/pulse) and line
narrowed (£0.25 pm spectral bandwidth).”> The transmission
photomasks are made from fused silica with Cr absorbing fea-
tures and have thin-membrane pellicles to keep uncontrolled
particles from collecting on the mask and imaging onto the
wafer. The stepper optics are made of fused silica spherical and
asphericlenses, calcium fluoride lenses with clocked crystal axes,
mirror elements with aspheric surfaces, and immersion fluids
between the last lens element and the wafer, as discussed below.
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While the wavelength was progressing down to 193 nm, the
other two factors in Equation 19.1, k; and NA, were also being
pushed towards their limits. A number of resolution enhance-
ment techniques have been used to drive the k, factor down to
achieve IC structures with half pitches corresponding to a value
of k, approaching the limiting value of k; = 0.25.* Nearly all of
these have been taken over from established optical techniques
in other fields such as microscopy. These have included (1) illu-
mination methods (off-axis illumination and partial-coherence
control), (2) mask modifications to engineer desired wavefronts
(phase shift masks, sub-resolution mask structures, and other
optical proximity corrections), and (3) resist contrast improve-
ments. For the 45nm technology node, logic manufacturers are
expected to operate with k, factors down to about 0.31,°* and
further extension with k, factors down to 0.29 is considered
feasible.”> Unfortunately, accompanying these gains, process
latitudes have been shrinking to marginally tolerable levels.
Clearly, k, factor improvements for single exposures are nearly
tapped out.

The last factor left in Equation 19.1 is the numerical aperture,
NA = n sin 6. For air between the final lens element and the
wafer, the liming value is NA = 1. The GCA 4800 DSW stepper in
1978 had an NA of 0.28.° The NA has been increased steadily in
newer designs by increasing the size and complexity, and conse-
quently the cost of the lens systems. To contain the number and
size of lens elements as the NA was increased, the lens system
designs had to incorporate aspheric lenses and oft-axis mirror
elements (catadioptric designs). Further, as the NAs approached
0.9, the polarization effects could no longer be ignored and illu-
mination polarization control became an essential part of the
lithography process, further complicating the lithography tools
and processes.®%7 State-of-the-art dry 193nm stepper optics
have an NA of about 0.93, contain about 30 lenses, with a path
length through lens material of about 1 m, and weigh 500kg or
more.’? With a dry NA limit of 1.0, there is very little possible
gain left to justify the vastly increased cost and complexity
needed for improvement—an exponential increase in cost for
an asymptotic gain. The sin® factor is also essentially tapped out.

Figure 19.10 shows, along with the critical feature size (half
pitch), the limiting value of 0.25A for each wavelength. Clearly,
by 2006, the critical feature size 65nm had approached its limit
for 193 or 157 nm. In the 1990s, this projection was the reason
why it was nearly universally assumed that alternative technolo-
gies, such as EUV lithography, would have to take over below
this feature size. This has turned out to be incorrect primarily
for two reasons: the NA is not limited to 1 if immersion fluids
are included and the effective k, factor can be decreased below
0.25 with multiple exposures and processing on the same layer.

19.3.2 193 nm Immersion Lithography

Equation 19.1 is valid at the image plane, which of course must
be in the resist. In principle, the NA = # sin 6 should be evalu-
ated in the resist, which typically hasa 193 nm index in the range
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FIGURE 19.11 Schematic of an on-axis ray and a marginal ray
through the last elements of an immersion lithography optical system.
The angles 6, 0, and 6, are the angles of the marginal ray with respect
to the surface normal in the lens, fluid, and resist, respectively. For the
case shown here, the refractive index of the fluid is less than that of
the lens and resist, and n™¢ is then the maximum possible NA of the
system.

n = 1.6-1.7. However, by Snell’s law (n, sin 6, = 1, sin 6,), NA =
n sin O can equally well be evaluated above the resist. Until the
recent introduction of the immersion stepper, the space between
the final lens element and the wafer was filled with air or N, gas,
with an index near n = 1.0. A consequence is that in spite of the
much higher index of the resist, the NA has a maximum value
of 1.0. However, as microscopists have known and exploited for
centuries, adding a fluid between the image plane and the final
lens element allows the maximum NA to be increased.’®-1%° For a
planer final lens element, the NA can theoretically be increased
up to the lowest index of the resist, the fluid, or the lens, as indi-
cated in Equation 19.4 and Figure 19.11:
NA, < (", nid, lensy (19.4)

A nearly ideal immersion fluid for 193 nm lithography turned
out to be purified water. It has sufficient transparency at this
wavelength, is relatively innocuous to the resist and lens materi-
als, is compatible with resist processing, has low enough viscosity
to enable rapid wafer scanning, and is inexpensive. These proper-
ties enabled remarkably rapid development and implementation
of immersion technology.!®® From the inception of substantial
193 nm immersion lithography efforts in late 2002,192-1% it took
only about 4 years for production-worthy water immersion
systems to be built and the process brought into production.
Immersion imaging does introduce some new issues, however,
including bubble formation in the fluid, evaporation residue
defects, resist-immersion fluid interactions, and fluid thermal
effects. Polarization effects, already issues for dry systems, have
been exacerbated at the extreme NAs of immersion lithography,
requiring careful polarization control for differently oriented
structures, which puts some restrictions on IC design.1?

With water as the immersion fluid, having a 193nm index
of nwater = 1.437, the theoretical minimum half pitch (HP™in)
for a 193nm exposure tool decreases to HP™in = 0.25 X
193.4nm/1.437 = 33.6nm. Furthermore, at HPs achievable for
dry systems, Equations 19.1 and 19.3 show that for the same
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HP, the DOF is larger for the immersion approach. Note that
the minimum HP for 157nm dry systems is HP™i» = 0.25 x
157.6nm/1.0 = 39.4nm, higher than that for 193 nm immersion
systems. Attempts were made to identify high-index 157nm
immersion fluids, but only relatively low-index (n [157nm] =
1.35) fluorocarbon liquids were found to have any practical
transparency at 157 nm,'%” and consequently 157 nm lithography
technology was dropped from technology roadmaps. As of 2008,
water-based 193nm immersion lithography systems are being
operated at an NA in the range of 1.30-1.35 to satisfy the 45nm
technology node with acceptable process latitudes.!

Approaches to extend 193nm immersion lithography tech-
nology further with higher-index fluids have been pursued.
Practical 193nm transmitting organic fluids with 193nm
indices near n = 1.65nm (second generation fluids) have been
developed.!%819 However, the last stepper lens element is made
of calcium fluoride with a 193nm index of n = 1.50, or fused
silica, with an index of n = 1.57. By Equation 19.4, these materi-
als are the bottlenecks for resolution extension. Thus, significant
NA gain from higher-index fluids requires higher-index last lens
materials as well. Higher-index UV lens materials have been
explored for this purpose. Key practical materials identified
include LuyA;O,, (LuAG) [n =2.21] and polycrystalline MgAL, O,
(ceramic spinel) [#n = 1.93].11° LuAG has the highest index, but
efforts have not yet succeeded in improving the 193 nm trans-
mission to the specifications, which are stringent due to its high
thermo-optic coeflicient, dn/dT. Also, the large value of the
intrinsic birefringence for this material is difficult to compensate
for. Ceramic spinel solves this problem with its polycrystalline
structure, but the polycrystalline nature also results in a high
degree of scattering. A further possible high-index lens material
being considered is 0-Al,O, (crystalline sapphire) [n = 1.92]. Its
large natural birefringence due to its uniaxial crystal structure
has limited its use in precision optics. However, with its crystal
optic axis oriented along the optical axis of the system and with
the polarization of all rays arranged to be oriented perpendicu-
lar to this axis, a sapphire last lens element could be manage-
able. As of this writing, LuAG is considered the most promising
high-index lens material candidate,''! and the industry is still
considering whether the practical NA gain to about 1.50 is worth
the development effort.

If a third-generation immersion fluid with an index near or
above n = 1.80 could be developed, then an NA increase to near
NA = 1.7 could provide enough incentive to justify the substan-
tial development effort required to implement it, because this
would enable the 32 nm half-pitch technology node. Pure organic
fluids with indices this high cannot have practical 193 nm trans-
missions. However, the indices of the fluids could in principle
be increased to this level by loading the liquids with approxi-
mately (2-10) nanometer-size suspended particles of high-index
oxide crystals, e.g., HfO, or LuAG, while maintaining accept-
able transmission, scattering levels, and viscosities.!>-11* This
approach is being explored, but it is regarded at best as comple-
mentary to multiple patterning approaches to resolution exten-
sion discussed next.
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19.3.3 Double Patterning

The process-dependent k, factor has been driven down to near
the hard limit of k; = 0.25 for single exposures. However, for
multiple exposures and processing steps on the same layer,
structures with half pitches corresponding to lower effective
k, values are possible. A number of these multiple patterning
approaches are now being pursued and these are expected to sat-
isfy the requirements for the 32nm half-pitch technology node
and possibly the 22nm node and below. These approaches differ
by the number and sequence of exposure and processing steps
used to achieve the desired features. Four basic types are illus-
trated schematically in Figure 19.12.1* They all use the fact that
while the structure pitch created by a single exposure is limited
by diffraction, as characterized by Equation 19.1, processing can
be used to tailor the line/space ratios in each period, and subse-
quent exposure and/or processing steps can interleave further
structures to increase the structure density. In the Litho-Etch-
Litho-Etch process, Figure 19.12a, two Litho-Etch processes are
done in sequence with the second process shifted by half the
period to give a pitch doubling. This general process can be used
to create arbitrary structures with the half pitch shrunk by a
factor of 2 below the diffraction limit, though this scale shrink
requires tighter tolerances on line edge control and overlay,
among other issues.

Litho-Etch-Litho-Etch
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A serious difficulty with this process is that it requires that
the wafer be taken out of the stepper track for etching and then
realigned before the second exposure, creating overlay chal-
lenges and decreasing the throughput for the layer by a factor
of about 2. A preferred approach would have the two exposures
done in sequence with just one etch step at the end: Litho-Litho-
Etch, shown in Figure 19.12b. Unfortunately, it can be shown
that for a resist system with a linear dose response, as has been
universal in DUV lithography, two exposures cannot generate
patterns with pitches below the diffraction limit. However, with
a nonlinear dose response system, this is possible. A number of
nonlinear response approaches are being pursued, including
contrast enhancement layers, 2-photon resists, and positive
and negative-tone threshold resists.!'> One version, Litho-
Freeze-Litho-Etch, shown in Figure 19.12c, is, particularly pro-
mising.!!® In this approach, the latent image captured in the
resist from the first exposure is “frozen” by chemical treatment.
The first frozen image region is protected from any photo resp-
onse to a second exposure, then a single etch step can create the

pitch-doubled structures.

A different approach, known as side wall (or spacer assist)
double patterning, requires only one exposure step to create pitch
doubling."” As illustrated in Figure 19.12d, the first exposure and
development step is only to create sidewalls at the desired posi-
tions. A subsequent thin-film deposition on the sidewalls, chem-
ical-mechanical polishing (CMP) to split the deposited structure,
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Double patterning approaches: (a) Litho-etch-litho-etch requires 2 exposures and 2 etch steps. (b) Litho-litho-etch (or double

exposure) requires 2 exposures and only one etch step, but needs a resist process with a nonlinear dose response. (c) Litho-freeze-litho-etch has
intermediate complexity, requiring 2 exposures, a chemical freezing process after the first exposure, and one etch step. (d) Side wall process (spacer
assist) requires one exposure and one etch. It uses side wall deposition and chemical-mechanical polishing (CMP) to achieve doubled pitch.
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and elimination of the original pattern enables the desired
pitch doubled structures. This approach takes advantage of the
well-understood and highly controllable thin-film-deposition
technology to obtain the desired linewidths, independent of dif-
fraction limits. Furthermore, the sidewall-derived structures are
automatically self-aligned by the original structure. A difficulty
with this approach is that restriction to patterning along side-
walls makes design layout much more difficult, and not all struc-
tures are topologically possible with single exposures. At least a
further exposure/processing step is generally required for arbi-
trary structures. Still, this method is inherently extendable, and
pitch quadrupling, etc. is possible in principle.

19.3.4 Ultimate Resolution Limits
of DUV Lithography

Double patterning methods are already being used in IC pro-
duction, and they are the declared technology solutions, using
193 nm water immersion tools, for several volume semiconduc-
tor manufacturers for the 32nm half-pitch technology node
projected for about 2013.1 These approaches appear feasible for
further resolution shrinking as well, e.g., the 22nm half-pitch
technology node. Redesign of 193 nm immersion steppers with
high-index fluids and lens materials, in combination with double
patterning techniques, offer the potential for further resolution
extension and relaxation of the k, factor for a given resolution.
When double patterning becomes routine, consideration of tri-
ple patterning, quadruple patterning, etc. may become tempt-
ing. However, this would likely have to come at the cost of much
tighter process control requirements, such as CD and overlay
control, than is presently attainable. Improvements to meet the
requirements, along with the increased complexity (more expo-
sures and processing steps per layer) will surely drive up costs
substantially. There is little doubt that these DUV lithography
extension approaches can be made to work technically. It is just a
matter of whether they can operate at commercially viable costs
and whether any reliable alternatives can be implemented at less
cost. For example, rapidly increasing mask costs have made the
numerous maskless technologies, such as multi electron-beam
direct write schemes, very attractive, at least for low-volume
production.

For high-volume leading-edge ICs, it is generally agreed that
for the 22 nm half-pitch technology node and below, a reliable
single-exposure EUV solution, with its larger depth of focus
and more natural extendibility, would be preferred. However,
formidable challenges, repeated introduction delays, and espe-
cially rapidly rising projected costs, have made this solution not
so inevitable as it once seemed at the beginning of the decade.
Cost is the ultimate driver. If or when DUV lithography is
displaced, and what its ultimate practical resolution limits
are, is now less clear than ever. The technology has thrived on
remarkable innovativeness and resourcefulness and its devel-
opment history does not suggest that these will cease. Previous
predictions of its limits and of its imminent replacement have
always been wrong.

Handbook of Nanophysics: Nanoelectronics and Nanophotonics

19.4 Electron-Beam Lithography

Electron-beam lithography has demonstrated its utility over
several decades as both a primary pattern generation tool for
the semiconductor industry and as the premiere means of pat-
terning small structures for advanced device development and
research in myriad fields. Like any lithographic technology, its
suitability for a given application depends on its performance
with respect to the four metrics of resolution, throughput, pat-
tern placement, and cost-of-ownership. As we shall see in the
following sections, electron-beam systems excel with respect to
resolution and pattern placement, but suffer from fundamental
limits in terms of throughput.

19.4.1 Resolution

Resolution in a lithographic process is a rather ill-defined quan-
tity since, by virtue of the fact that it is a process involving many
steps, a large number of variables are involved. These can fre-
quently be manipulated to produce isolated features far smaller
than might, at first sight, be judged possible. The true test of the
process is the minimum pitch of the features that can be fabri-
cated. In what follows, we will consider primarily those factors
that are unique to electron-beam exposure and neglect those
that are common across the various exposure techniques—those
are covered elsewhere in this chapter.

The ultimate resolution that can be obtained using electron-
beam exposure is determined by the nature of the interactions
of the electrons with the material being exposed. There are two
parts to be considered: first, the trajectories that the incident, or
primary, electrons follow within the material and second, the
processes by which the energy deposited by the primary elec-
trons is translated into developable chemistry in the exposed
material.

The electron trajectories are determined by the combination
of incident electron energy and resist/substrate atomic num-
ber."#119 At low energies/high atomic numbers, the electrons
scatter strongly within the solid, which leads to substantial
broadening of the beam as it penetrates the material. Since most
resist materials are organic, their average atomic numbers are
not dissimilar from that of carbon, so the beam broadening, or
forward scattering in the resist, is determined principally by the
electron energy. For this reason, most high-resolution systems
operate at energies of 50-100keV. In addition, because the beam
broadening increases progressively as the electrons undergo
additional elastic scattering events on their way through the
resist, thin resists yield higher resolution images. Very low
(<500eV) incident energies have also been proposed as a means
of generating high-resolution images.!?-122 In this case, the beam
broadening is on the order of and constrained by the very short
total range of the electrons within the resist. The resist thick-
ness is therefore limited to that range, which may be insufficient
for subsequent processing needs, and the resolution can only be
improved by reducing the energy (and the resist thickness) to
impractically small values.
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The incident electron energy, E,, has a dramatic impact on
the dose needed to expose resist, which, for energies above about
5keV, varieslinearly with E,. This is a reflection of how the inelas-
tic scattering cross section varies with electron energy. The effect
is captured by the Bethe continuous slowing-down approxima-
tion!? that describes the average rate at which fast electrons lose
energy along their trajectories. At high energies and resist thick-
nesses that are small relative to the electron range, the feature
width is determined not by the deviations in the trajectories of
the primary electrons due to elastic scattering, but by the volume
in which they deposit energy. Although the primary electrons
can cause chemical changes in the resist directly, it is normally
assumed that the so-called fast secondary electrons generated by
inelastic scattering of the primary beam are responsible for the
majority of broken bonds in the resist.!?* This is because the low-
energy secondary electrons have a much larger interaction cross
section than those of the primary beam.!® Conceptually, each
primary electron trajectory can be thought of as surrounded
by a cylinder of material 10-20nm in diameter exposed by the
secondaries that it generates. At very low incident electron ener-
gies, the stopping power increases significantly and the electrons
deposit all their energy efficiently in the resist film, rather than
carrying on through to the substrate.!?

The resolution that can be achieved in a resist can also be
estimated by considering the impact parameter for energy-loss
events for the primary electrons. An electron traveling with
velocity v, interacting with a stationary electron at a distance
b delivers an impulse having a duration of approximately b/v
and contains frequency components, ®, up to v/b. These cor-
respond to a maximum energy transfer, AE, of h®/2m.12%127
For 100kV electrons and AEs of 5, 50, and 500¢V, b is 10, 1,
and 0.1 nm, respectively. Normally, the energy scale relevant
to resist exposure is on the order of a few electron volts (3.6 eV
for the C-C bond), leading to an interaction distance of a
few nanometers but in a few cases the energy needed is much
higher, corresponding to a core-shell excitation, for example.
In systems such as alkali metal halides, in which the exposure
mechanism depends on the dissociation of the halide ions
from the lattice, resolutions of 1-2nm are achievable.!28-13
Unfortunately, the doses required are in the C/cm? range,
which is not practical for manufacturing. Currently, the high-
est resolution material that is suitable for nanofabrication is
hydrogen silsesquioxane (HSQ), which has demonstrated fea-
ture sizes as small as 7nm half-pitch.’® This is an inorganic,
small-molecule resist that essentially forms silica upon expo-
sure and development. Its increased mechanical strength rela-
tive to organic resist materials is one reason for its ability to
produce small features, while its higher average atomic num-
ber may help reduce the range of the fast secondaries, contrib-
uting to its high resolution.

Electron-solid interactions also affect the resolution in
electron-beam systems through the proximity effect. This is
the additional exposure of the resist by electrons backscattered
from the substrate and it leads to a loss in contrast and thus to a
loss in resolution. At higher voltages and on low-atomic number
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substrates (e.g., Si or Si0,), the backscattered electrons have a
relatively large range (e<V*®) and the contribution of the forward
and backscattered electron doses can be captured by the two-
Gaussian model'*?

D =D, I:exz/“2 +nex2/Bz ] (19.5)

where
D, is the incident dose
o is the width of the forward-scattering distribution
B is the width of the backscattered distribution
1M is the effective dose contributed by the backscattered
electrons

As we have discussed above, o is typically on the order of
10nm, while B is on the order of micrometers. N can be quite
large, depending on the substrate’s atomic number and is
approximately 0.5 for Si at 100kV.!** This model is applicable if
the forward and backscattered dose distributions can be readily
separated. In this case, small, isolated features receive a dose of
D, the centers of large features receive a dose of Dy(1 + 1), and all
other types of features receive a pattern-density dependent dose
that varies between those values. As long as the feature size is
small compared with B, this dose variation can be corrected for
either by adjusting the dose delivered to individual features,'3*
applying the inverse of the background dose to produce a flat
background,*>13¢ or adjusting the size of the features!*”!3® by
using a pattern density averaged over a length scale on the order
of B. However, if either o or B approach the feature size, then
much more computationally intensive techniques must be used
to perform an iterative correction procedure, as the correction
applied to each feature affects its neighbor and vice versa.** At
low energies and in high atomic number substrates such as GaAs
or InP, the deposited energy distribution is more complex!4¢14!
and the proximity effect becomes much more difficult to correct.
It is, however, important to point out that these phenomena are
analogous to the flare and optical proximity effects encountered
in advanced optical lithography, for which correction techniques
are at an advanced stage of development.

So far in our discussion, we have implicitly assumed an
ideal point source of electrons incident upon the resist. A close
approximation can be achieved in practice with low-current,
focused probes in electron microscopes. However, for practi-
cal applications, we need high beam currents, and this has a
dramatic impact on the design and operation of electron-beam
lithography tools and leads to systems in which the intrinsic
resolution of the resist and process is often better than that of
the electron optics.

19.4.2 Throughput

In the design of most optical systems, including electron micro-
scopes, there is a trade-off between blur due to diffraction,
which scales as 1/NA, where NA is the numerical aperture of
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the system, and aberrations that generally scale as some power
of NA (a spherical aberration is often a dominant term and var-
ies as NA?). In electron-beam lithography systems, through-
put is critical to their cost of ownership and ultimate utility.
Unlike photons in a light-optical system, the electrons in an
electron-optical system affect one another strongly through
unscreened Coulomb repulsion. The interactions give rise to
three principal effects: (1) the forces between electrons along
the electron-optical axis lead to the speeding up or slowing
down of individual electrons, which is equivalent to an energy
spread in the beam, known as the Boersch effect; (2) the aver-
age force due to all the other electrons in the beam leads to
deterministic changes in electron trajectories and leads, to first
order, to an overall defocusing of the beam, known as the global
space-charge effect; and (3) the interactions between individual
electrons lead to random changes in individual electron trajec-
tories, known as the stochastic space-charge effect. The sever-
ity of the Boersch effect depends on the chromatic aberration
in the system. The global space-charge effect can be thought of
as creating a negative lens in the system whose effects can be
compensated for by refocusing the beam. However, if the cur-
rent density is not uniform across the beam, that lens becomes
highly aberrated and its effects cannot be compensated. The
stochastic space-charge effect is not correctable. As might be
expected, the space-charge effects are made worse when the
electrons are forced closer together or can interact for longer
periods and increase with beam current, I, and column length,
L, and are mitigated when the electrons are spread farther
apart or interact for shorter times and decrease with increasing
numerical aperture o, the demagnification factor, M, and the
accelerating voltage, V. The detailed dependence of beam blur
onl, L, V, M, and o is particular to a given system and has been
studied in depth for both single-column, probe-forming,'*
and projection systems.!*>144 Note that improvements realized
by increasing the voltage are offset by the need to increase the
beam current to compensate for the linear decrease in resist
sensitivity with voltage.

The net result of these effects is that rather than balancing
diffraction and aberration blurs, the system optimization must
be performed by balancing space-charge and aberration blurs.
This means that for any given beam current in a system, there
is an optimum numerical aperture that must be used and a cor-
responding minimum blur that can be achieved. Any attempt
to increase the beam current leads to an increase in beam
blur. Electron-beam lithography systems for nanofabrication
research are generally designed to provide the optimum reso-
lution, with throughput as an important, but secondary goal.
However, the semiconductor industry’s continuing demand
for ever-smaller features and higher throughputs has resulted
in the disappearance of electron-beam lithography from the
direct IC fabrication process because of the conflict between
the need for increased beam currents to increase throughput
and the need for the decreased beam currents necessary for
improving resolution cannot be resolved at the feature sizes
now required.
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In the future, the throughput of electron-beam lithography,
even for mask making, is likely to become worse. To understand
why this is the case, it is necessary to examine how resist sensi-
tivity scales with feature size.

If we consider a feature of CD L and allow it to vary by no
more than L/10, then we can define an image pixel as L/10 x
L/10. In order for each pixel to be faithfully reproduced, we need
the resist to be able to clearly distinguish between exposed and
unexposed pixels. Even if the dose over a large area is fixed at a
precise value, the arrival of the electrons at any pixel is a statisti-
cal process, with the number of electrons delivered following a
Poisson distribution. This effect is frequently referred to as shot
noise and has been extensively studied.*>-1** We can, therefore,
define a minimum number, n, of electrons per pixel that is nec-
essary to ensure that the error rate of improperly exposed pixels
is suitably small. The total dose needed per unit area therefore
becomes 100n/L?, i.e., it scales as 1/L?, and the beam current
necessary to maintain a given real exposure rate must therefore
scale in the same fashion.

19.4.3 Overlay

The fact that magnetic and electric fields can deflect electrons
precisely and at high speed is one of the great strengths of elec-
tron-beam systems. In optical lithography systems, accurate
and precise registration and overlay can only be achieved by
ensuring nanometer-scale mechanical alignment between mask
and wafer stages—physically massive systems that can only be
controlled with bandwidths of a few tens of Hz. In electron-
beam tools, it is not necessary to control the stage precisely
(offsets of several micrometers between the actual and planned
stage coordinates are common), because the position of the
electron beam can be adjusted, at speeds of up to 100kHz, to
make up the difference, provided a suitable signal from the stage
interferometers is available. There are generally differences in
the coordinate system that are generated by the stage and the
substrate. Normally, these are accounted for by periodically
acquiring alignment mark information from the substrate. This
procedure is susceptible to errors arising from drift occurring
between mark measurements and schemes have been developed
that enable registration data to be generated from the substrate
continuously.*® The ability to adjust the position of the beam, as
well as characteristics such as focus and stigmation, in real time,
makes it possible to correct for a large variety of errors, such
as those caused by variations in substrate height. Along with
the benefits it brings, the sensitivity to fields is also a source of
difficulty associated with electron-beam systems: interference
from dynamic fields must be reduced as far as possible, while
that from static ones, such as those due to the small magnetic
inhomogeneities of the stage, must be carefully mapped and
calibrated out.

Another source of error peculiar to electron-beam tools,
particularly at high voltages, is substrate heating. The total
amount of energy deposited in the substrate scales as the square
of the accelerating voltage because of the combination of the
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increasing energy per electron and the increasing resist dose
required. The concomitant substrate heating can affect both
pattern placement/overlay, as a result of thermal expansion,!*!
and CD control, as resist sensitivity may vary with tempera-
ture.!®? Temperature increases are more severe in SiO, sub-
strates because of silica’s poor thermal conductivity, while Si
substrates, with their higher coefficient of thermal expansion,
are liable to greater placement errors.

19.4.4 Cost of Ownership

As we have seen, although electron-beam systems provided
exceptional resolution, and are capable of precise pattern
placement,'> they are fundamentally limited in throughput.
Historically, for relatively large feature sizes, the limiting fac-
tor in throughput was the serial nature of the writing process
in probe-forming, or Gaussian-beam, systems and this led to
the development of schemes such as shaped-beam,!* cell-pro-
jection,'s large-area,®!*¢ and full-field projection'” that sought
to deliver more than one pixel’s worth of information at a time.
Unfortunately, as feature sizes decreased and the resolution
requirements became more demanding, they all ran into space-
charge limits. This has relegated electron-beam systems for
production purposes to the fabrication of small numbers of high-
value items such as photomasks, CD/DVD masters, and nano-
imprint templates. There are two routes out of this dilemma: the
first is to accept the limited throughput, but use the essential
addressability of electron beams to create flexible systems—
maskless lithography tools—that can create ICs without the
need for masks and their associated costs;'**!>° the second is to
avoid the space-charge limits of single columns by dividing and
conquering—using multiple small columns to keep the electrons
far enough apart so that their interactions are insignificant.!6%16!
In the first case, the cost of ownership is competitive with pho-
tolithography for short-production run devices where only a few
wafers worth of devices are produced for each mask set. In the
second case, providing that issues associated with source uni-
formity, control, and brightness can be overcome, then it may be
possible to have the best of both worlds—flexibility in patterning
together with high throughput—making it directly competitive
with optical lithography. Research and development are active
in both areas.

19.5 Nanoimprint Lithography

Nanoimprintlithography (NIL) is rapidly emerging as alow-cost,
high-resolution, and versatile alternative to optical lithography
as a patterning technology for semiconductor fabrication and
other applications that incorporate nanoelectronic devices.!6163
Optical lithographic techniques, including state-of-the-art tools
based on 193nm radiation®® or next-generation potential solu-
tions, including extreme ultraviolet (EUV, 13.5nm radiation)
lithography,!¢4-16¢ rely upon selectively exposing a photoactive
film to radiation via a photomask that defines the lithographic
pattern of interest. A chemical reaction occurs in the exposed
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regions of the film that renders them soluble in an aqueous base,
creating a physical pattern defined by the unexposed regions in
the film. It is becoming increasingly difficult to control the reso-
lution of this patterning process.

NIL offers a potentially simplified alternative to chemically
amplified resists. All NIL techniques rely on a simple squeeze-
flow mechanism whereby a resist flows into a well-defined
physical cavity of nanoscale dimensions. It is a molding or
replication technique where the ultimate resolution is defined
by the physical dimensions of the imprint mold cavities.!¢7-170
If high-resolution masters can be created, high-resolution cop-
ies can be generated. It is also a repetitive stamping or replica-
tion technique. The well-defined patterns in the imprint master
can be used to create thousands of replicas, analogous to how
the metallic master for an LP record were used to stamp thou-
sands of inexpensive vinyl copies for consumer use. Compared
with optical lithography for high-volume nanomanufacturing,
there is an important distinction worth highlighting. With opti-
cal lithography, every printing or copy of the nanostructured
surface requires extremely tight control of the environmental
conditions to maintain the sensitive balance of the complicated
reaction, diffusion, and dissolution process for the chemically
amplified resists.!”! This is precisely why state-of-the-art opti-
cal lithography tools cost upwards of $30 M apiece, providing
a 65nm patterning resolution, and semiconductor fabrication
lines cost billions of dollars to construct.

The resolution of NIL is largely controlled by a simple squeeze-
flow process.!”-170 As long as high-quality, high-resolution
imprint masters can be fabricated, it is relatively easy to stamp
out copies of the mold. In optical lithography, the ultimate pat-
terning resolution is intrinsically coupled with the high vol-
ume manufacturing process making process control measures
extremely important. Every single copy manufactured requires
stringent control over the reaction, diffusion, and dissolution
processes. With NIL, the resolution is less coupled with the
high-volume manufacturing process and more dependent on
the mold or imprint master fabrication. For these reasons, NIL
tools tend to be significantly less expensive. Research and devel-
opment grade imprint tools can be purchased for about $100K,
while manufacturing grade tools cost approximately $2 M, both
with a sub 10 nm resolution.

Both optical and nanoimprint lithography are dependent on
high-resolution masks or masters. In optical lithography, the
mask sets required to fabricate a semiconductor device can cost
several millions of dollars to produce, comprising a significant
fraction of the manufacturing costs. These are phase-shifting
optical masks in which blanket UV radiation is exposed to one
side, generating selectively exposed regions in the resist film
on the other side. This exposure is also done through a series
of lenses where the features in the mask are approximately four
times larger than the image at the wafer plane. In NIL, these
mask costs are likely to increase. The squeeze-flow is a direct
write process where the features in the mold are the same size as
the features in the wafer plane; there is no longer this 4x reduc-
tion. This means that high-resolution and costly electron-beam
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lithography is needed to fabricate the imprint masks, compared
with optical lithography where the mask resolution require-
ments are somewhat reduced because of the lens system. There
are no lenses in NIL and the imprint masks may very well be
more costly to produce. Furthermore, these expensive NIL mask
sets must be mechanically pressed into the resist film. In opti-
cal lithography, the masks are isolated from the resist behind a
transparent and protective pellicle. There are no protective pel-
licles in NIL and one must make direct mechanical contact of
the expensive mask with the resist film.

In this section, we provide a general overview of the NIL
technology. Our discussion will be largely limited to the field of
nanoelectronics, including complementary metal-oxide semi-
conductor (CMOS) devices, although NIL is also widely consid-
ered to be a manufacturing alternative for several other forms of
nanotechnology. We will elaborate on the differences between
NIL and existing optical lithography techniques and discuss
some of the unique materials and metrology challenges that NIL
processes introduce. We will also provide a brief overview of
some of the recent developments in applying NIL to nanoelec-
tronics technologies.

19.5.1 Variations of NIL
19.5.1.1 Thermal NIL

NIL generically refers to pressing a hard mold or template
decorated with nanoscale patterns into a softer material to
lithographically define well-controlled nanostructures.!-17° In
most cases, pattern formation is accomplished by a squeeze-
flow mechanism whereby the material flows into the mold
in a liquid-like state (Figure 19.13). Of course, this requires

Thermal and UV NIL
Mold
Resist
(polymer, monomer)
Substrstc — S
Imprint
(force + UV or heat)

LI I |

Release mold

RIE

FIGURE 19.13  Schematic of the NIL process, showing both the ther-
mal and UV forms.
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“setting” the pattern in the liquid material. In the thermal
embossing form of NIL, the resist is typically a glassy poly-
mer.!¢71% During the imprint process, the film and the imprint
mold are heated to above the glass transition of the polymer
while applying an external pressure. Under elevated pressure
and temperature, the polymer flows into the cavities of the
mold. The pattern is set by cooling the system to below the
glass transition of the polymer, where the material vitrifies into
a rigid glass. When the mold is separated from the substrate,
the surface is left with nanoscale patterns that are relief images
of the mold cavities. A cavity in the mold becomes a polymeric
pattern on the surface.

The thermal embossing form of NIL is similar in concept to
many of the bulk molding or forming processes used to manu-
facture large scale plastic components. High molecular mass
polymers, even at temperatures far above their glass transition,
tend to be high viscosity fluids. Flow does not always readily
occur under quiescent conditions meaning that pressures must
be applied to squeeze the material into the mold. Most NIL tools
designed for thermal embossing are capable of applying pres-
sure as high as 5MPa. This is combined with maximum tem-
peratures of typically 200°C to 300°C, which means that most
tools are capable of exceeding the rubbery plateau modulus for
most polymer melts and able to induce material flow.

There are several different options when it comes to apply-
ing the heat and pressure for thermal NIL. One class of tools
is largely based on the photomask aligner and wafer bonding
systems widely used in the semiconductor industry. In many
instances, an imprint module can be purchased as an add-on
for an existing tool. In these systems, mechanical platens with
heating elements are used to apply the temperature and pressure
to the imprint mold and substrate. Their advantages are that
they provide uniform heating through the large thermal mass
of the platens and they often have a built-in capability for optical
overlay alignment between the imprint mold and the substrate.
The primary disadvantage is that maintaining parallel contact
between the platens can be difficult. Misalignment of just a few
pm can prevent conformal contact, which makes it very difficult
to imprint nanoscale features over large areas. To overcome the
conformal contact issues, some imprint tools utilize hydrostatic
gas pressure to squeeze the imprint mold into the resist film.!”
This pressure is applied through what is essentially a deformable
gas bladder. Since the NIL molds or masters are usually etched
into thin Si or quartz wafers and imprinted onto similar thin Si
substrates, the molds and wafers are able to bend or flex to a cer-
tain extent and increase the degree of conformal contact. In some
tools, the pressure is applied through the top through the gas
bladder while the substrate rests on a rigid metallic platen that
provides the heating. These systems provide an optimal balance
between uniform heating and conformal contact. There are also
tools that utilize an entirely soft press technology, where pressure
is applied through both the top and bottom through deformable
gas bladders. In these cases, the bladders are transparent and the
heating of the substrate is provided through infrared heat lamps.
This soft press technology maximizes the pressure uniformity
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across the mold and substrate while the reduced thermal mass
(no platens) allows for rapid heating and cooling rates. However,
the noncontact optical heating means that temperature unifor-
mity and stability are more difficult to achieve.

19.5.1.2 UV NIL

One disadvantage of thermal NIL is that it requires heating and
applying pressure to the substrate. For certain applications, the
patterned substrate may or may not be able to withstand the
thermal budget associated with this process. Likewise, large
temperature changes can induce thermal distortions, which
make overlay and alignment difficult. UV NIL offers a low tem-
perature alternative to thermal NIL. In UV NIL, the resist is a
liquid-like (or low viscosity) monomer that readily flows into
the mold cavities at room temperature with no heating and very
little pressure.’*1”0 In many instances, the liquid monomer is
actually wicked into the mold via capillary forces, minimiz-
ing distortions of the substrate or the template (Figure 19.13).
In the mold, the monomer undergoes a cross-linking reaction
upon exposure to UV radiation, creating a hard glassy pattern
that retains its shape after separating the mold from the sub-
strate. This means that either the NIL mold or the supporting
substrate must be transparent to the appropriate UV radiation.
For this reason, the molds are typically fabricated in quartz
wafers, whereas silicon and nickel are more common materials
in thermal NIL. An additional requirement is that UV NIL is
limited to patterning materials that cross-link under UV radia-
tion. Thermal NIL can, in principle, be applied to any material in
which flow can be induced.

19.5.1.3 Transfer Printing

Both the thermal and UV forms of NIL described thus far are
similar to optical lithography in that a pattern is created in a
resist film that has been previously deposited on the substrate of
interest. It is also possible to employ the NIL technologies in a
material transfer mode that is similar to most industrial forms of
printing. In transfer printing, the material that is to be patterned
is first applied to a patterned stamp or mold and then transferred
via mechanical contact to the target substrate. This requires tun-
ing of the differential adhesion between the pattern mold and
the substrate such that the material adheres to the substrate
more strongly than the patterned mold. There are two primary
modes in which transfer printing can occur'” (Figure 19.14).
The first is a whole layer transfer where a continuous film with
a nanoscale texture defined by the mold topology is transferred
to the substrate. The second is a discrete transfer or inking mode
where material is selectively transferred to the substrate from the
protrusions of the mold; any material in the cavities of the mold
is not transferred over. Whole layer transfer is used primarily
to create topological patterns of a given material on the target
substrate. Examples of this technology are being used to create
nano- or microfluidic channels or devices. The discrete transfer
mode can also be used to create physical patterns, but it also has
the ability to create chemical patterns of a given surface energy
or chemical functionality by essentially inking monolayers of a
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FIGURE 19.14 Schematic of two modes of transfer printing: (a)
whole-layer transfer and (b) inking.

chemical compound. In this last case, the pattern may, to a first
approximation, lack topology and not alter the smooth surface
of the substrate. Chemical patterns like these are commonly
considered in sensor-type applications.

19.5.1.4 Functional Materials

One of the biggest distinctions between NIL and competing
optical lithography methods is rooted in the generality of the
patterning process. In nearly all forms, optical lithography
focuses on creating high-resolution patterns in sacrificial pho-
toresist formulations. As mentioned previously, photoresists
are highly complicated materials systems that balance chemical
reactivity, acid diffusivity, and their dissolution behavior to opti-
mize their patterning resolution. Once the pattern is formed, the
resist becomes a sacrificial component for subsequent additive
or subtractive processes to transfer the pattern into the func-
tional materials of interest. On the contrary, the mechanical
stamping and squeeze-flow processes used in NIL are generic
mechanisms applicable to a wide range of materials. This means
that a wide range of materials can be patterned directly by NIL,
including functional materials. The resolution of NIL processes
is controlled by the mold or mask fabrication process more so
than optical lithography. The ability to directly stamp nanoscale
structures into functional materials is a highly attractive way to
simplify the number of parameters impacting patterning resolu-
tion, reduce the number of nanofabrication steps, and thereby
reduce manufacturing costs.!”

19.5.1.5 Tool Types

NIL is a low-cost nanopatterning alternative to optical lithog-
raphy with the potential for high-volume manufacturability.
Mechanical stamping processes have a long history in manu-
facturing environments and the same appears to be bearing
true for the emerging field of nanomanufacturing. Stamping
processes are intrinsically compatible with manufacturing
assembly lines. However, NIL is still in its infancy period and
most of the tools that are commercially available today are
geared for R&D or the technology development. There are
examples of high-throughput tools in the market, but most of
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the activity is still in the lab as opposed to pre-production. In
this section, we review the different types of tools with respect
to patterning throughput.

The most versatile tools on the market today also have the
lowest throughput and least applicability for high volume
nanofabrication. These account for most of the imprint tools
sold today from companies like Nanonex, Obducat, or Jenoptik
that utilize gas pressure through some type of deformable blad-
der to apply a very uniform pressure to the mold and the sub-
strate. Typically, these tools are very flexible and provide the
user with a wide variety of process control, at the sacrifice of
throughput. The user has the freedom to place an arbitrary
mold onto an arbitrary substrate, sandwiched between one
or two sheets of deformable rubber or foil. This stack is then
placed inside a movable gas chamber. The gas chamber closes
down on the deformable bladders, creating pressure reservoirs
on the top and/or bottom of the sample. A vacuum pumping
system is also usually involved to evacuate the sample region
between the bladders. Nitrogen or some other inert gas is
then pumped into the chamber, generating pressures as high
as approximately 5MPa to press the mold into the substrate.
Heat is then applied through either the optical heat lamps or
thermal sample block to enable flow of the material into the
mold cavity. After a prescribed heating cycle of a few minutes,
the temperature is cooled back to room temperature and gas
chambers are vented to release the pressure. The sample and
the mold are then manually removed from the chamber and
manually separated to reveal the patterned substrate. This pro-
cess obviously describes the thermal form of NIL. The same
general process applies for UV NIL with these tools with the
exception that lower pressure is required and UV radiation is
applied instead of heat. In either case, UV or NIL, these single
stamp tools are capable of generating one patterned substrate
approximately every 10-15 minutes with manual input from
the user. For most applications, this throughput is not suitable
for manufacturing. Rather they are designed for flexibility and
ease of use. The sample chambers typically vary from approxi-
mately 5-20cm in diameter and allow arbitrary form factors
or piece parts to be imprinted. This is primarily useful for
technology development. One notable exception is a large area
single imprint tool being developed at the Korean Institute of
Machinery and Materials.'”® This is a low pressure UV imprint
tool capable of imprinting an entire 45 cm (diagonal) flat panel
display uniformly in a single imprint. Cycle times of 4-5 min-
utes here would probably be more acceptable given the limited
demand for such high-end displays. These cycle times would
be totally unacceptable for the high volume demand of bit pat-
terned magnetic media for data storage hard drives.

There are efforts to increase the throughput of imprinting
tools. The next class of tools generically utilizes a stamp and
repeat technology to generate multiple copies of a single pattern
across a large substrate. This form of stamp or step and repeat
technology is naturally compatible with the form factor of multi-
ple dies (or devices) per wafer that is currently used in semicon-
ductor fabrication.!”® So these types of tools tend to be targeted
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for CMOS devices. Molecular Imprints, Inc. is the pioneer in
developing step and repeat tools, although other companies
including EV Group and Nanonex now offer tools with simi-
lar capabilities. Throughput or manufacturability tends to be
the primary driver for going from a single imprint to a step and
repeat tool. For this reason, most step and repeat tools are based
on the UV NIL process, which is usually faster because it lacks
the heating and cooling cycles associated with thermal NIL.
Furthermore, locally heating a selected region for imprinting on
a larger wafer or substrate is difficult. It is much easier and faster
to locally expose the imprinted region to UV radiation. Lastly,
these step and repeat tools are usually optimized for throughput
that comes at the price of the flexibility in the patterning pro-
cesses or conditions. The general use single imprint tools typi-
cally offer greater flexibility. For example, single imprint tools
are usually capable of performing either UV or thermal NIL on
a variety of materials whereas step and repeat tools tend to be
limited to UV NIL patterning of a given resist formulation that
has been optimized for the system.

The NIL tools discussed thus far have largely been designed
as drop-in replacement technologies for optical lithography,
with the target applications in CMOS. However, there have
been recent advances in building roll-to-roll NIL tools that are
capable of patterning continuous sheets or strips of a nanopat-
terned substrate.'’®77 Roll-to-roll processes are capable of
generating patterned media at a rate at least several orders of
magnitude faster than traditional optical lithography, enabling
high volume nanofabrication. However, roll-to-roll processes
tend to provide very poor overlay capabilities, practically lim-
iting the advantages to single-layer devices. For these reasons,
the target applications migrate away from CMOS to emerging
markets where nanopatterning has yet to be realized. Examples
might include antifouling biological films, polarizing or anti-
reflective optical coatings,'”® brightness enhancing films for
large area displays, or flexible electronic devices like radio
frequency ID tags.!” In the roll-to-roll form of NIL, the mold
cavities are fabricated onto either a circular drum or a tractor
tread-like device. A continuous film is fed in between a pair
of rollers that rotate in opposite directions, squeezing their
textured surface(s) into the film. Roll-to-roll processes can be
implemented in many different forms. The thermal form of
NIL can be used to emboss nanoscale topology on the film or
substrate by using heated rollers. Likewise, there are examples
of UV NIL being implemented to create textured surfaces with
roll-to-roll devices. The traditional forms of gravure or flexog-
raphy can also be adapted to create roll-to-roll NIL transfer
printing processes.

19.5.2 Fundamental Issues

There are a few commercial products being made with imprint
today, proof that the technology is inherently manufacturable.
Some of the companies operating in this space include Nano
Opto, Heptagon, Omron, OVD Kingram, LG Electronics,
Reflexite, MacDermid, Wavefront Technologies, and Spectratek.
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Dr. Michael P.C. Watts is the founder and president of Impattern
Solutions, an independent consulting company in the field of
NIL. The company’s website tracks the progress and commer-
cialization of imprint-related technologies and provides updates
at www.impattern.com. Most of the commercial success stories
in the imprint field have thus far been related to optics or light.
These include, in order of decreasing critical dimensions, refrac-
tive, diffractive, and sub-wavelength optical devices. However,
even with the sub-wavelength devices, the minimum dimen-
sions of the structures being fabricated commercially are typi-
cally on the order of 100 nm or larger, which by many definitions,
is not within the nanoscale domain. The community has yet to
see the realization of devices fabricated by NIL with dimensions
strongly into the sub-100nm regime. There are many examples
of nanoelectronic technologies in the R&D phase that appear
to have strong potential with respect to NIL, but several funda-
mental issues need to be resolved before these ideas can success-
fully make the transition from the lab to manufacturing. In this
section, we briefly summarize some of the remaining technical
roadblocks to the commercialization of nanoelectronics via NIL
techniques.

19.5.2.1 Nanoimprint Materials Development

There are several examples of high resolution patterning being
achieved with NIL. For years, Professor Chou’s fabrication of
10nm vias was the ultimate demonstration of high resolution
pattering with NIL.1*® More recently, Professor John Roger’s
group demonstrated that the fabrication of 2 nm replicas of car-
bon nanotubes randomly distributed across a rigid substrate
could be created within a polydimethylsiloxane (PDMS) resin
using NIL processes.'s" Professor Chou’s group has gone on to
report the patterning periodic line-space patterns with a 6 nm
half-pitch,'®! indicating that NIL has the potential resolution and
patterning control that is commensurate with nanoelectronics
(Figure 19.15).

However, there is still a need for improving NIL materials or
resists. Resolution is only part of the picture and a NIL resist
must also satisfy a number of different properties. First, the
material must be able to readily flow into the imprint mold. If
harsh conditions that plastically deform the patterned mate-
rial are required, the NIL processes may induce residual stress
into the patterns.’®2-18* It is desirable that the patterned media
readily flows into the imprint mold. Likewise, the imprinted
patterns must have the mechanical strength to resist pat-
tern collapse. There are several examples of the critical aspect
ratio for pattern collapse with decreasing feature size.'®> NIL
is capable of generating very small patterns that make pattern
collapse a significant concern. Furthermore, it is critical that
the mold separates easily from the imprinted structure without
destroying the sample. This requires both low surface energy
mold treatment strategies that minimize adhesion between the
imprint and the substrate as well as imprint materials with the
cohesive strength to withstand the shear stress generated dur-
ing mold separation.!®® Since external forces are required to pry
the mold from the substrate, a mechanical load is placed on the
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FIGURE 19.15 Examples of high resolution patterning with NIL.
Panels (a) shows a few carbon nanotubes with a diameter of 2nm on a
flat surface that served as the model imprint mold while panel (b) shows
the resulting patterns that were replicated in PDMS. (Reprinted from
Hua, F. et al., Nano Lett., 4(12), 2467, 2004. With permission.) Panel
(c) shows well regular line-space patterns that have been imprinted with
critical dimension to a 6 nm half-pitch. (Reprinted from Austin, M.D.
et al., Nanotechnology, 16(8), 1058, 2005. With permission.)

patterns. It is a significant materials science challenge to maxi-
mize these properties simultaneously especially with functional
nanoimprint materials.

19.5.2.2 Template Fabrication and Availability

The fabrication and availability of high quality templates or
molds are crucial for NIL patterning technologies. With
an ultimate resolution approaching just a few nm, even the
slightest flaw in the master has the potential to be replicated
into hundreds or thousands of imprinted copies. This means
that significant efforts must be made to produce high qual-
ity imprint masters. Electron-beam (e-beam) lithography is
the industry standard for producing high-resolution patterns
with a resolution on the order of 10-20nm. However, e-beam
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lithography is not practical for manufacturing since it is a slow,
serial writing process and is very costly. One of the greatest
attributes of NIL is that it can be considered as an e-beam
replication technique. Once a costly pattern is fabricated by
e-beam lithography into a mold or master material, thousands
of high-resolution copies of the pattern can be replicated via
NIL processes at a fraction of the initial cost.’¥” This is a very
attractive proposition, but it also means that a high quality
imprint master is critical. Any mistake will be easily propa-
gated through all of the copies.

19.5.2.3 Defect Inspection and
Dimensional Metrology

The need to have high quality imprint templates has been
articulated in the preceding section. Hand-in-hand with this
requirement is the need to evaluate, quantify, and certify the
pattern quality in both the imprint master and the resulting
imprints. High-resolution patterning demands high-resolution
pattern metrology. We have already mentioned the excessive
costs for fabricating a NIL master or mold with large areas pat-
terned with nanoscale features. Quantitative measurements to
qualify that the imprint master meets the design specifications
in terms of pattern shape are absolutely critical for making this
investment. Likewise, fast and efficient high-resolution pat-
tern metrology methods are also needed to monitor the high
volume manufacturing processes. It is critical to have quan-
titative measures in place to determine if the manufacturing
processes drift out of tolerance. For high-resolution pattern-
ing, this means high-resolution metrology. Even at the current
65nm technology node, the “Metrology” chapter of the ITRS
Roadmap contains roadblocks in terms of high-resolution CD
metrologies.!3¢ The leap from 65nm optical lithography to NIL
processes that offer better than a 5nm resolution raise signifi-
cant concerns regarding our ability to quantitatively evaluate
the patterns that we fabricate. This is not that big of an issue in
the R&D phase of technology development, where one usually
deals with highly optimized prototypes. However, high volume
manufacturing processes demand quantitative process moni-
toring capabilities. With respect to pattern shape metrology,
the ability to pattern with NIL greatly exceeds the limits of the
current inspection tools.

NIL is essentially a direct pattern transfer process whereby
the patterns in the imprint have the potential to be a mirror
image of the patterns in the mold. This brings up the fidelity
of the pattern transfer concept—how closely do the imprinted
features resemble the mold. To achieve the greatest fidelity of
pattern transfer, one must be able to minimize the shrinkage
of the imprinted material in the mold (either up cross-linking or
cooling) or any distortions of the pattern after imprinting. The
fidelity of the pattern transfer concept is fundamentally unique
to NIL. However, in NIL one can directly compare the dimen-
sions of the mold cavity to the pattern to quantify the fidelity
of the pattern transfer. This means that dimensional metrolo-
gies must be able to quantify both the mold and the imprinted
patterns.'®
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19.5.2.4 Residual Layer Control

The objective in most imprint processes is typically to create iso-
lated patterns on the substrate. However, there is always a con-
tinuous residual layer of resist material between the substrate
and the patterns that needs to be removed. Simple volume filling
arguments dictate the thickness of the residual layer, comparing
the volume of material per unit area in the smooth film to the
volume of the cavities in the mold. Even if there is less material in
the film than there is in the mold cavities, the protrusions of the
mold cannot be completely pressed into direct contact with the
substrate; there is always a finite residual layer on the order of a
few nanometers thick. While this residual layer is easily removed
through reactive ion etching (RIE) processes, it is critical to
achieve both a minimized and uniform residual layer. The mini-
mized residual layer is important to maintain CD control. RIE
processes are highly anisotropic, etching primarily vertically,
however, there is a small amount of lateral trimming that occurs
(Figure 19.16). If one has to etch through a thick residual layer,
then the extent of lateral trimming can be significant; minimiz-
ing the residual layer minimizes the trimming. Furthermore, it
is important to achieve a uniform residual layer across the entire
field of the imprint. If there are thick and thin regions of residual
layer, the RIE will break through to the substrate first in the thin-
ner regions. When this happens, a micro loading effect occurs
in the etch process where the concentration of plasma increases
upon breakthrough (the plasma etch chemistries are biased to
consume resist over the substrate). The result of micro-loading
is an increased lateral etch rate, i.e., a localized enhancement in
the lateral trimming. This nonuniform lateral trimming leads to
a distribution of the pattern dimensions (loss of CD control).

Underestimated
Optimum
Residual layer Overestimated

Nonuniform trimming

_@_

FIGURE 19.16 A schematic illustrating how an accurate knowledge
and control of the residual layer thickness is critical to controlling
lateral trimming and critical dimension control. Overestimating the
thickness of the residual layer can lead to excessive lateral trimming. A
non-uniform residual layer can lead to a distribution of linewidths and
aloss of CD control through a micro-loading effect.
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Controlling the residual layer thickness is straight forward for
imprint molds with uniform pattern fields. Simple volume fill-
ing calculations can be used to adjust the thickness of the film to
minimize the residual layer, assuming that a uniform pressure
is applied.”® However, residual layer control becomes difficult
when the pattern field contains a distribution of different pat-
terns with different sizes and density. In this case, the volume
filling calculations are different for the different regions of the
mold.”! Resist films are usually applied via spin coating tech-
niques, which leads to a film of uniform thickness. In these situ-
ations, it is difficult to control the residual layer. The Molecular
Imprints series of tools use a GDS-based drop on demand tech-
nology to deposit an optimized amount of resist material in each
location to properly fill the mold. This technique can be very
effective for minimizing the residual layer.1%1%3

19.5.3 Overlay Accuracy and Control

Depending on the application, it may or may not be important to
align the imprint within the lateral directions with some features
or fiduca markers on the substrate. There are many applications,
such as anti-reflective optical coatings, where pattern overlay is
not required. However, for nanoelectronic applications, one could
imagine it being very important to align the imprint with circuit
elements in the substrate. Most imprint tools offer some type of
alignment capability. The alignment is usually achieved by fabri-
cating a series of vernier gratings in both the imprint mold and the
patterning substrate and use interferometers to sense very small
changes in the in-plane dimensions.!** Piezoelectric actuators can
be incorporated into the imprint head to generate very small lat-
eral position corrections that help precisely align the mold with
the substrate. Most general use imprint tools are designed for
molds and substrates that are not transparent, meaning that the
comparison of the interference pattern from the two verniers is
achieved through a series of mirrors and reflective light. With
these types of tools, one is able to achieve overlay accuracies on
the order of £200nm in the in-plane directions. Given the 5nm
or better patterning resolution of NIL, the accuracy with which a
feature can be placed within the plane of the film is significantly
worse. There are tools with higher overlay accuracy. Molecular
Imprints produces highly specialized tools that are optimized for
patterning with UV radiation only, using quartz molds that are
optically transparent.’> When it comes to overlay alignment, sys-
tems that are dedicated to patterning with transparent molds have
a significant advantage because through wafer comparison of
the optical verniers is possible. Eliminating the series of mirrors
and reflective optics reduces the error in the overlay alignment,
enabling sub-15nm 36 overlay accuracy. This is more commensu-
rate with the ultimate patterning resolution of a few nm.

19.5.4 Technology Examples

There are a growing number of examples in the literature of
nanoelectronic devices being fabricated by NIL processes, prov-
ing that the technique has potential (Figure 19.17). The most
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common examples are the cross-bar memory structures where
a semiconducting material is sandwiched between orthogo-
nally situated parallel line-space electrodes to be used as either
data storage or logic devices.! Here, NIL processes are used to
fabricate the parallel line-space electrode arrays. These devices
can have half-pitch values as small as 17 nm for the electrode
arrays and memory densities as high as 100 Gbit/cm?. On the
CMOS front, a recent joint effort from Toshiba and Molecular
Imprints have demonstrated the fabrication of a functional
sub-32nm logic circuit using NIL."” Likewise, IBM and
SEMATECH have reported the fabrication of 27 nm functional
FINFET structures using NIL technologies.® Another sector
where NIL processes are being widely adapted is for magnetic
data storage media. The equivalent Moore’s law for the hard
disc industry is even more aggressive than that of the semi-
conductor industry, doubling in data storage capacity ever 12
months. To keep pace with this trend, the industry is moving
towards bit patterned media. NIL processes are being devel-
oped to fabricate 25nm posts of magnetic media on a pitch of
approximately 40 nm.!*® These are just a few examples related to
nanoelectronics where NIL technologies are being actively pur-
sued. There are also a number of other applications in the opti-
cal and biotechnology fields where NIL methods are poised to
have an impact. Two of the most prominent examples include
wire grid polarizer elements for screen and display technolo-
gies?0%201 and photonic structures to facilitate light extraction
in high brightness LEDs.!¥

19.5.5 Future Perspectives

In some respects, NIL is just one of a long list of next-
generation lithography techniques that has been developed
as an alternative to deep UV optical lithography for the
semiconductor industry. However, none of these alternate
technologies have even come close to supplanting optical
lithography as the high volume lithography of choice for the
electronics industry. While a debate over the merits of NIL to
replace optical lithography for CMOS fabrication is beyond
the scope of this review, it is important to realize that NIL
is the first next generation lithography candidate to have a
viable life outside of CMOS, and there are already success
stories for the patterning technology in non-CMOS tech-
nologies. This means that the success or failure of NIL is not
tied to the semiconductor industry; it has already succeeded.
As microelectronics moves beyond CMOS into nanoelec-
tronics with novel device architectures, dramatically dif-
ferent principals of operation, and the need for nanoscale
patterning, NIL is on-pace to be a well-established generic
nanoscale patterning technology of relevance. Next genera-
tion lithography techniques tied directly to the CMOS com-
munity (193nm immersion, double patterning, EUV) are
solely dependent on this community for success or failure.
These patterning technologies will likely go away if they are
not adapted by the semiconductor community. The same is
not true for NIL.
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FIGURE 19.17 Examples of several different technologies fabricated with NIL techniques: (a) a high-resolution image taken from the 17nm
half-pitch cross-bar nanowire circuit arrays made by SNAP. (Reprinted from Jung, G.Y. et al., Nano Lett., 6(3), 351, 2006. With permission.) (b) Bit
patterned magnetic media for high density data storage showing 25 nm magnetic posts fabricated by NIL. (Reprinted from Dobisz, E.A. et al., Proc.
IEEE, 96(11), 1836, 2008. With permission.) (c) A cross-sectional view of a functional 27 nm FinFET structure whose critical dimension was patt-
erned by Step-and-Flash Imprint Lithography at Molecular Imprints. Nominally identical structures led to functional FInFET devices. Permission to
reproduce this image was granted by the IBM Almaden Research Center, San Jose, CA. (d) An array of photonic devices patterned uniformly over
an entire 6 nm wafer for high brightness LED devices. (Reprinted from Miller, M. et al., Proc. SPIE, 6883, 68830D, 2008. With permission.)

19.6 Metrology for Nanolithography

19.6.1 Advanced Lithographic Processes

As optical lithography reaches its limits, new processes such as
double patterning and double exposure are being explored as
means of extending 193nm immersion-based lithography. The
goal of these patterning methods is patterning at dimensions
that are less than those that can be printed in a single litho-
graphic exposure step. Each of these process-based methods
poses a unique challenge to all aspects of process control includ-
ing metrology. These processes are summarized in Figures 19.18
through 19.20.188

Double exposure uses two reticles that must be precisely
aligned so that the pattern placement is one pitch across the
printed area. One photoresist layer is exposed twice with spe-
cially designed reticles resulting in densely spaced lines. This
pattern can then be etched into the underlying films patterning
the wafer with features having a % pitch less than can be printed
using one reticle. This process is shown in Figure 19.18.

Double patterning is also done using two reticles that must
be aligned with accuracy, so that the pattern placement has one
pitch and close to one linewidth across the printed area. The first
photoresist layer is exposed and then the film stack is etched
leaving the pattern in the hard mask layer. Then the wafer is
coated with BARC and resist and the second set of lines is pat-
terned into the second BARC/resist layer. The resultant double
pattern structure is etched into the poly silicon. Figure 19.19
provides great detail for double patterning processes for lines.
Similar process steps are used for contacts and trenches.

Spacer double patterning is believed to be already in use in
manufacturing. A slightly different film stack is used for spacer
double patterning. First, a sacrificial poly silicon layer is pat-
terned, spacer oxide is deposited, and the sacrificial poly silicon
layer is removed resulting in a spacer pattern. This pattern is
etched into the poly silicon layer. In Figure 19.20, this single ret-
icle process is more fully described. The origin of the two sets of
line shapes is due to the different shapes of each side of a spacer.
The two sets of critical dimensions are due to the nature of the
spacer deposition process.
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“Positive” resist double exposure
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Resist
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“Positive” resist double exposure

Mask 1

1. Lithography step 1: Expose lines

Mask 2

2. Lithography step 2: Expose second set
of lines

3. Etch step: Etch poly silicon lines

FIGURE 19.18 The double exposure method of patterning lines
is shown. Lines are patterned using positive resist. (a) shows the film
stack, and (b) shows the patterning process.

Overlay plays an important role in double pattering, spacer
patterning, and double exposure pattering of lines. Overlay must
be near perfect to achieve a uniform pitch. If the second expo-
sure is shifted, every other space will be different. This impacts
further processing, the measurement of CD and lineshape, and
device performance. Etch is known to be sensitive to lineshape
and the distance between lines. Etch uniformity can be reduced
when the resist pattern is etched into the layer below.

19.6.2 Metrology for Advanced
Lithography Processes

Measurement needs start with control of feature shape and
placement on the mask (reticle), and follow through until the
features are etched into the active layer of the device or inter-
connect structure.!® Since optical masks are glass with chrome
features, scanning electron microscope (SEM)-based measure-
ments must overcome the charging inherent in the measurement
of an insulator. The chrome features must have the correct line-
width and shape and must be placed on the mask in the cor-
rect position relative to each other. The recent introduction of
“environmental” SEM allows for charge neutralization during
the SEM-based measurement of CD and line shape on the mask.

The advanced lithographic process challenge metrology
mainly through the two distributions of critical dimensions
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2. 1st etch: Trim leaving hard mask at 1:3
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FIGURE 19.19 The double patterning method of patterning lines
is shown. Lines are patterned using positive resist. (a) shows the film
stack, and (b) shows the patterning process.

and line shapes especially the side wall angles of the lines. Two
methods of CD measurement are used during manufacturing,
namely CD-scanning electron microscopy (CD-SEM) and scat-
terometry. The term scatterometry typically refers to one of
two optical methods of measuring critical dimensions using a
grating test structure. One example of a grating test structure
is an array of lines with a constant pitch and linewidth. Others
include an array of contact holes. Scatterometry measurements
can be done in a spectroscopic ellipsometer; the main challenge
is analyzing the changes in the optical response that the grating
structure imparts versus the response of an un-patterned film
stack. The other approach to scatterometry is to measure the
diffraction pattern from a single wavelength across a range of
angles. Both methods of scatterometry require that an extensive
database of simulated ellipsometric responses be placed into a
library. Some libraries contain tens to hundreds of thousands
of simulated structures for a single process step. Data from a
sample is matched to this set of simulated responses. Accuracy
requires that ellipsometry be sensitive to the small differences in
optical response.
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FIGURE 19.20 The spacer double patterning method is shown. Lines
are patterned using positive resist. (a) shows the film stack, and (b)
shows the patterning process.

Ellipsometry measures the change in polarization of light after
reflection from the sample surface. Spectroscopic ellipsometry-
based scatterometry relies on the changes in polarization due to
changes in the grating test structure as a function of wavelength.
Advanced lithographic processes pose two challenges to scat-
terometry. One is shrinking feature size and the second is the
two sets of distributions of CD and feature shape. Sensitivity to
small changes in dimension is becoming increasingly difficult
as feature size decreases below 50nm for both CD-SEM and
scatterometry. The previous method of single exposure and etch
patterning required that scatterometry measure the average CD
and line shape of a uniform grating structure. Double pattern-
ing and double exposure requires that scatterometry produce
the average CD and line shape of two distributions of line shape.
In situations where overlay errors result in a nonuniform pitch,
the number of simulated data sets is greatly increased. Small dif-
ferences in optical response make it very difficult to distinguish
changes in CD and line shape. Recent commercial instrumen-
tation extended the wavelength range of scatterometry further
into the UV down to 150 nm. In general, UV wavelengths have
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improved the ability of scatterometry to measure CD and line
shape for features with sub 50 nm dimensions.

The specifics of ellipsometry-based scatterometry are use-
ful in understanding how critical dimensions are determined
from a method associated with the determination of film
thickness for unpatterned layers. The premise of ellipsometry
is that light polarized in-plane of reflection (P) reflects differ-
ently than light polarized perpendicular to the plane of reflec-
tion (S). Ellipsometry determines the change in polarization
of light in terms of A, which is the difference in phase change
= A, — A and ¥, which is related to the ratio of the change
in intensity upon reflection through tan™' (|R,|/|Rs|), where
R, and Rg are the complex reflectivity’s parallel and perpen-
dicular to the reflectance plane. The reflectivity is determined
by the dielectric function of the film stack. Reflection from a
single film on a substrate depends on the complex dielectric
function (refractive index) of the materials and the Fresnel
reflection coefhicients r;, between (1) air and (2) the film and
r,; between (2) film and (3) the substrate. The reflection from
an unpatterned film is determined by well-understood reflec-
tion coeflicients?0?

_(mh+rhe™) (19.6)
P = b By
(+r5mhe™)
_ (TISZ + rZSS eiiZB) (19 7)
s = S S 2B ’
(I+nyr5e7)
where
B=27‘t(;i]N2 coso (19.8)

The film thickness dependence comes from the exponential
term P where d is the film thickness, A is the wavelength of the
light, and N, is the complex refractive index of the film. The
measurement of a patterned film stack requires that Maxwell’s
equations be solved. Typically, this is done using a rigorous cou-
pled wave approximation (RCWA), and the RCWA equations
must be solved at each wavelength for each structure. Changes
in ¥ and A vs wavelength require solving the RCWA equations
at enough wavelengths to observe subtle changes due to CD and
line shape.22

The CD-SEM measurement of critical dimensions is also chal-
lenged by double patterning and double exposure. Measuring
patterned photoresist requires the calibration of the rate of
shrinkage of the resist vs. electron beam exposure time. This
calibration requires the collection of enough data to provide sta-
tistically significant shrinkage rates. This must be done for each
resist material. It is important to note that different resists are
used for the fabrication of line and vias. Many IC manufactur-
ers hold the resist formulas to be proprietary meaning that each
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resist formula will have different responses to electron beam
exposure. Recent unpublished studies show that resist lines
with a CD less than 25 nm shrink more rapidly than lines with a
greater CD. Scatterometry measurements may also impact resist
lines especially when measurements are done in UV.

There are important differences between CD-SEM and scat-
terometry in terms of the nature of information each provides.
Advanced CD-SEM is capable of measuring the CD of two or
more lines simultaneously. Future CD-SEMs may be able to
measure several lines in a test area providing the average CD as
well as the range of the CD in the test area. Scatterometry pro-
vides the average CD in the test area.

The measurement of line edge roughness in resist is critical
for the control of device performance including leakage current.
Industry standards organizations such as SEMI have driven
consensus documents describing measurement methods for
quantifying line edge roughness.?> Line edge roughness on a
nm scale produces gate CD width roughness that results in an
increase in leakage current. Line edge roughness at longer scales
produces an increase in carrier surface scattering that increases
line resistivity. At this time, line edge roughness measurements
can be done using CD-SEM or CD-AFM.

Overlay metrology is considerably more challenging for
advanced lithography processes. Overlay measurements are
typically done using specially designed optical microscopes
and target structures that are patterned into both the upper and
lower layers. Double patterning of trenches for interconnect
lines have additional complications for metrology. If the over-
lay is shifted, then the trench CD also changes. Overlay mea-
surement precision for all double patterning methods becomes
at best a factor of 0.7 of the overlay required for a single expo-
sure patterning of all the trenches. This has driven the devel-
opment of new overlay test structures that include scattering
bars that diffract light. SEM may provide an alternate means of
measuring overlay.

19.6.3 Proposed New CD Metrology Methods

Many have speculated about the demise of CD-SEM and scat-
terometry. Even optical microscopy-based CD measurement is
still done for features have larger CDs such as microelectro-
mechanical systems (MEMS). It is possible that CD-SEM and
scatterometry can not extend beyond the 22nm half pitch.
Two methods are being considered as potential replacements
for scatterometry and CD-SEM. These are small angle x-ray
scattering, which is known as CD-SAXS,?** and He ion micros-
copy.2®® In CD-SAXS, a focused, monochromatic x-ray beam
is transmitted through a grating test structure, as shown in
Figure 19.21, that is similar to the ones used for scatterome-
try measurement. It is important to note that CD-SAXS can
measure line edge roughness, average CD, individual CD, and
line shape for the lines in the test structure.?°°-20% At this time
(2009), evaluation of the capabilities of He ion microscopy are
in the initial stages.
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FIGURE 19.21
with energy that are transmissive through a patterned silicon wafer

CD SAXS schematic of using collimated x-ray beams

resulting in scattering from an array of patterns.

Abbreviations

o Fraction of light absorbed, when referring to resist
technology

o Width of the forward-scattering distribution, when
referring to electron-beam lithography

B Width of the backscattered distribution, when
referring to electron-beam lithography

b} Photoacid diffusion length, when referring to resist
technology

€ Photoacid generation efficiency, when referring to

resist technology
n The effective dose contributed by the backscattered
electrons, when referring to electron-beam lithography

BARC Bottom anti-reflective coating

CD Critical dimension

CD-SEM  Critical dimension scanning electron microscope

CD-SAXS Critical dimension small-angle x-ray scattering

CD-AFM  Critical dimension atomic force microscopy

CMOS Complementary metal-oxide semiconductor

CMP Chemical mechanical polishing

De Dose at line-edge, when referring to resist
technology

D, Incident dose, when referring to electron-beam
lithography

DOF Depth of focus

DUV Deep-ultraviolet

E, Incident electron energy, when referring to
electron-beam lithography

EUV Extreme-ultraviolet

FINFET  Nonplanar, double-gate field effect transistor, “fin”
refers to shape of semiconductor

HP Half-pitch

HSQ Hydrogen silsesquioxane

IC Integrated circuit

ITRS International Technology Roadmap  for
Semiconductors

LILS Latent-image log slope

LED Light emitting diode
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LER Line-edge roughness

LWR Line-width roughness

MEMS Microelectromechanical systems

MG Molecular glass

ML2 Maskless lithography

NA Numerical aperture

NIL Nanoimprint lithography

PAG Photoacid generator

PDMS Polydimethylsiloxane

q Number of photons/nm?, when referring to resist
technology

RIE Reactive ion etch

SCALPEL Scattering with angular limitation in projection
electron-beam lithography

STM Scanning tunneling microscopy

uv Ultraviolet
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